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ABSTRACT 
As an organism develops, multiple cellular processes need to occur in order to 
specify and organize tissue. One essential process is the establishment of cell polarity, 
which drives cell fate specification and stem cell differentiation. Another key process is 
programmed cell death, which is important for tissue remodeling and clearing damaged 
or diseased cells from the body. A loss in cell polarity can lead to defects in tissue 
organization and carcinogenesis. Defects in programmed cell death can lead to 
autoimmune diseases and cancer. However, hyperactive programmed cell death can lead 
to neurodegeneration. The Drosophila ovary, which is composed of germline and somatic 
cells, is an excellent model to study both cell polarity and cell death. In the germ cells, 
oocyte fate is specified and maintained through the asymmetric localization of cell cycle 
and cell polarity RNAs, proteins, and organelles, such as mitochondria, to and within the 
oocyte. Additionally the somatic follicle cells, which surround the germ cells, require a 
specific apical-basal polarity to function. During oogenesis, programmed cell death can 
be induced within the ovary to prevent oogenesis from maturing under low nutrient, high 
	  	   viii 
stress or crowded conditions. When this occurs, the germline is cleared from the ovary by 
a process known as engulfment. Somatic follicle cells surrounding the germline 
synchronously enlarge and engulf the corpses of the dying germline cells. It is unknown 
what triggers the enlargement of the follicle cells. Previous research has shown that the 
apical side of a follicle cell is heavily marked by cell polarity proteins, to specify the 
apical side away from the lateral and basal sides. Since many important genes regulating 
both cell polarity and engulfment are conserved between Drosophila and other 
eukaryotes, we can study the establishment and maintenance of cell polarity and its role 
during engulfment to obtain a better understanding of these processes in mammals and 
their relevance to diseases. This dissertation investigates the role of cell polarity in both 
the specification of oocyte cell fate, and the organization and enlargement of the follicle 
cells during engulfment in the ovary.  
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CHAPTER 1  
Introduction 
1.1 Cell Polarity 
 In order for a eukaryotic organism to develop, multiple cell types must be 
specified and differentiated from a single primordial stem cell. During embryogenesis 
cell polarity plays a large role in cell fate specification, tissue organization, and stem cell 
differentiation. Cell polarity can be defined as an ‘asymmetry’ within cells or a spatial 
difference in localization of proteins, RNA, and organelles within a cell (St. Johnston and 
Ahringer, 2010). This spatial difference creates an asymmetry that subdivides the cell 
into specific areas such as, apical-basal or anterior -posterior. Cell polarity defines a 
cell’s shape and structure, and regulates specialized functions.  
Many cells require polarization to function, such as epithelial cells and neurons. 
These cells can also migrate as part of their function, and this migration requires 
polarization. Epithelial cells require polarization to form sheets that surround the surface 
of an organism and line the internal organs. The establishment of apical-basal polarity 
orients these cells and allows for cell-cell adhesions, cell-matrix adhesions, protein 
trafficking and cell growth to occur. Epithelial cells that asymmetrically localize specific 
structures to a specific area of the cell, within a plane of epithelial tissue, have planar cell 
polarity (Martin-Belmonte and Perez-Moreno, 2012). Planar cell polarity is required for 
the directional orientation of structures such as the feathers of a bird and fur on an 
animal. Neurons also require polarization for the directional flow of an electrical signal 
from the dendrite down the axon to the site of neurotransmitter release (Rasband, 2010). 
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Finally, migratory cells require polarization for directional movement. Migratory cells 
polarize by localizing actin to the leading edge where its polymerization allows the cell to 
extend forward (Ridley et al., 2003).  
Cell polarization can be accomplished using one or several of the following 
processes: the asymmetric partitioning of cell specific factors during cell division, the 
asymmetric localization of specific proteins, RNAs, and organelles through intracellular 
transport by microtubule motor complexes, the translocation of microtubule organizing 
centers, concentration gradients of secreted proteins, and differential expression of 
membrane receptors and ligands (St. Johnston and Ahringer, 2010; Hashimoto and 
Hamada, 2010). Since establishing and maintaining cell polarity is essential for cellular 
function, a loss in cell polarity can be detrimental to a cell and may cause disease. A loss 
in the expression of many cell polarity regulators has been shown to contribute to early 
stages of tumorigenesis due to the cross talk between cell polarity proteins and the Hippo 
pathway. A reduction in the expression of cell polarity proteins can cause cells to be 
unresponsive to signals inhibitory to cell growth and proliferation (Martin-Belmonte and 
Perez-Moreno, 2012). A disruption of cell polarity can also lead to mislocalized protein 
due to the interruption of sorting signals or trafficking machinery. This can be seen in 
diseases such as Wilson disease and Lowe syndrome (Stein et al., 2002). A lack of cell 
differentiation and cell fate specification can also lead to brain defects, kidney 
dysfunction, and ovarian dysgenesis (Stein et al., 2002; Pierce et al., 2011). Many of the 
mechanisms used to establish cell polarity and specify cell fate can be studied using 
Drosophila oogenesis as a model.  
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1.2 Drosophila oogenesis     
 The Drosophila ovary is made up of two bundles of 16-20 ovarioles that contain 
egg chambers progressing through oogenesis (Fig. 1.1 A-C). Each egg chamber consists 
of two specialized cell types: germline and somatic. The germline resides inside the egg 
chamber and consists of 16 individual cells specified into two different cell types: the 
oocyte or the nurse cells. The somatic cells surround the germline cells and are referred to 
as the follicle cells. The germarium, at the anterior of the ovariole, is where oogenesis 
begins. Here a stem cell divides to create the egg chamber. The oocyte is at the posterior 
of the egg chamber and increases in size as the egg chamber matures and yolk production 
ensues. The other 15 cells in the germline are the nurse cells. The nurse cells 
endoreplicate their DNA to provide nutrients for the growing oocyte. In the late stages of 
oogenesis the nurse cells dump their cytoplasm into the oocyte and are cleared from the 
egg chamber. Dorsal appendages also start to form at the anterior of the egg chamber at 
stage 13. When the egg is fully formed after stage 14, it is laid by the female Drosophila 
(King, 1970). The Drosophila ovary is a great model system to study cell polarity because 
oocyte fate is specified gradually through cell polarity mechanisms that establish and 
maintain cell fate. The follicle cells surrounding the egg chamber also have strict apical-
basal polarity that is required for their function. 
 
1.3 The role of cell polarity in the specification of the oocyte  
 Oocyte specification occurs at the anterior of the ovariole in a region known as 
the germarium. Cell polarity is first established at the beginning of oogenesis when a 
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germline stem cell, within Region 1 of the germarium, divides to produce a renewed stem 
cell and a cystoblast (Fig.1.2, pink cells) (Lin et al., 1994; Lin and Spradling, 1995; de 
Cuevas and Spradling, 1998). The cystoblast will go through four incomplete cell 
divisions and create a cyst of 16 interconnected cells; one of these cells will be specified 
as the oocyte while the other cells become nurse cells. Each cell will be connected to the 
adjacent cell through cytoplasmic bridges called ring canals (Fig.1.2, open circles) (Lin et 
al., 1994). During each cell division, cytoskeletal material known as the fusome, is 
asymmetrically divided between the two cells changing the polarity of each cell. After 
cell division is complete, the two cells with four connections to the other cells will 
acquire the most fusome material. These two cells will be designated as the pro-oocytes 
(Lin and Spradling, 1995; de Cuevas and Spradling, 1998). In Region 2A, several of the 
16 cells enter meiosis which can be detected by the presence of the synaptonemal 
complex (Fig. 1.2, green dots) (Huynh and St. Johnston, 2004). However, as oogenesis 
progresses, most of these cells exit meiosis and only the oocyte remains in meiosis (Lin 
and Spradling, 1995). The oocyte arrests in prophase of meiosis I while the other 15 cells 
enter the nurse cell endocycle and replicate their DNA. These two cell cycles are tightly 
regulated by the expression of two cell cycle proteins, Dacapo (Dap), a p27cip/kip ortholog 
and Cyclin E (CycE). Dap is expressed at high levels in the oocyte to inhibit DNA 
synthesis and keep the oocyte arrested in meiosis. CycE is expressed in waves of high 
and low expression in each of the 15 nurse cells to control the endocycle (Hong et al., 
2003).  
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The second polarization mechanism to establish oocyte fate begins in Region 2B 
of the germarium where the oocyte is specified and maintained by the asymmetric 
localization of proteins and oocyte-specific factors. RNA, proteins, and organelles needed 
for the oocyte’s growth are transported from the nurse cells throughout the cyst to the 
oocyte along polarized microtubules that extend through the ring canals. This molecular 
microtubule transport is accomplished using the dynein motor complex that transports 
cargo from the positive end of microtubules to the negative end of microtubules. The 
minus ends of the microtubules are concentrated with a clear microtubule organizing 
center within the oocyte. Egalitarian (Egl) and Bicaudal D (BicD) are adaptors that bridge 
cargo to the dynein motor complex (Huynh and St. Johnston, 2000). Egl and BicD form a 
complex together. Additionally, Egl binds to Dynein light chain (Dlc) and mammalian 
BicD associates with Dynactin in the motor complex. Egl also binds RNA molecules and 
together the complex transports oocyte specific factors to the oocyte in a directional 
manner (Schüpbach and Wieschaus, 1991; Mach and Lehmann, 1997; Navarro et al., 
2004).  Initially several cells will accumulate these oocyte specific factors, however the 
two pro- oocytes will accumulate the most due to their four ring canals. As soon as one 
cell accumulates the most oocyte specific factors, for example oo18 RNA binding protein 
(Orb), it will become the oocyte (Fig. 1.2, blue protein).   
In addition to the processes mentioned above, which are used to establish oocyte 
identity from a cluster of seemingly identical cells, the oocyte itself is polarized. In 
Region 2B of the germarium, a microtubule organizing center (MTOC) is established and 
localized at the anterior of the specified oocyte (Theurkauf et al., 1993). The MTOC is 
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then disassembled and reassembled at the posterior of the oocyte in Region 3/Stage 1 of 
the germarium (Fig 1.2, yellow lines). During this process, Dap is expressed highly to 
maintain the oocyte’s meiotic arrest as the dynein motor complex actively transports 
molecules from the anterior to the posterior of the oocyte. Par family proteins, such as 
Par-1, have been shown to regulate the dynamics of the microtubule network at this stage, 
allowing for its translocation (Tomancak et al., 2000; Huynh et al., 2001). Par-1 functions 
by phosphorylating LKB1 and microtubule associated proteins (MAPs) such as Tau, so 
that they dissociate from the microtubule network and allow its disassembly. The MTOC 
then reassembles and repositions itself at the posterior of the oocyte, re-localizing 
proteins along with it (Huynh et al., 2001). This step polarizes the oocyte and is essential 
for the egg chamber’s progression through oogenesis. If the MTOC fails to translocate to 
the posterior of the oocyte, then the oocyte’s cell fate is not maintained and the oocyte 
will revert back to a nurse cell (Martin and St. Johnston, 2003). Mutations in par-1, 
dynein motor complex components and dacapo all have a similar loss in oocyte identity 
indicating that they are all necessary for this step (Huynh et al., 2001; Hong et al., 2003; 
Navarro et al., 2004). In conclusion, several steps used to establish cell polarity are 
important for Drosophila oocyte identity and maintenance.  	  	  
1.4 Epithelial cell polarity establishment 
Epithelial cell polarity is very different from the polarization required for oocyte 
specification. The initial polarization of epithelial cells occurs through a variety of cues 
depending on the tissue. Mammalian Madine Darby canine kidney (MDCK) cells get 
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their cues to polarize based on cadherin-dependent cell-cell adhesion and adhesion to the 
extracellular matrix. The apical and basal membranes are defined based on their contact 
with other cells, a substrate, or the extracellular matrix (Yeaman et al., 1999; St. Johnston 
and Ahringer, 2010). Subsequently, PAR-3 marks the apical membrane, adherens 
junctions form, and tight junctions are established (Yamada et al., 2006; Ooshio et al., 
2007). Primary epithelial cells in Drosophila have a strict apico-basal polarity that is 
initially established during cellularization of the blastoderm, when apical proteins 
localize to the membrane above the nucleus and basolateral markers localize to the 
membrane below (Mavrakis et al., 2009). It is believed that apical actin provides the 
initial polarization cue and microtubules running to and from the apical membrane 
contribute to the localization of Bazooka (Baz) one of the initial polarity proteins (Harris 
and Peifer, 2005). The maintenance of epithelial cell apico-basal polarity depends on a 
polarized cytoskeletal/microtubule network, polarized targeting of transport vesicles to 
the appropriate membrane, and the trafficking of proteins, organelles and adhesion 
complexes to specified locations (Drubin and Nelson, 1996; Shahab et al., 2015). The 
mechanisms used to establish and maintain epithelial cell polarity can be studied using 
the follicular epithelium of the Drosophila ovary.  	  	  
1.5 The role of cell polarity in the organization of the follicle cell layer 
  The follicular epithelium of the Drosophila ovary is somatically derived and 
develops from the division of two somatic stem cells that reside in between regions 2A 
and 2B of the germarium (Fig. 1.3 A). Each somatic stem cell or follicle stem cell divides 
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once and then their progeny divide 4 more times to produce 16 follicle cells. These 16 
cells migrate from the wall of the germarium and enclose the developing germline cyst in 
region 2B (Margolis and Spradling, 1995). The polarization of the follicular epithelium 
starts when the newly divided follicle cells come into contact with the basement 
membrane (King, 1970; Tanentzapf et al., 2000). This initial contact establishes the basal 
membrane of the follicle cells but only partially polarizes the cells (Fig. 1.3 B). The 
apical membrane remains undefined until the follicle cells surround the germline cyst and 
obtain contact with the germline cells (Fig. 1.3 C). Contact with the germline cells 
establishes the apical membrane and allows for the initial accumulation of apical markers 
such as Crumbs (Crb), a single pass transmembrane protein that localizes in the apical 
membrane. Crbs is required for the further development of the follicular epithelium 
(Tanentzapf et al., 2000).  
 When the follicle cells become fully polarized, their plasma membranes become 
divided into apical, basal and lateral membrane domains based on the localization of 
unique protein complexes. Each domain is then further subdivided into regions based on 
the complexes that reside within them. The apical membrane is subdivided into two 
domains the free apical domain and the subapical region (SAR). One of the key polarity 
complexes is the Crumbs complex, which has a slightly basal localization within the 
SAR. This highly conserved complex is made up of Crb (Crb1-3 in vertebrates), Stardust 
(PALS1/MPP5 in vertebrates), PATJ, and Lin7 (Tepass et al., 2001; Assemat et al., 2008; 
St. Johnston and Ahringer, 2010; Ellis et al., 2013). The Crbs complex creates a boundary 
between the apical and lateral domains and facilitates the organization of adherens 
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junctions, or the zonula adherens (ZA) specific to follicle cells, that form just below this 
boundary (Tepass et al., 2001). In vertebrate epithelia, the Crbs complex is enriched in 
the apical margin of the lateral domain and is a strong regulator of tight junction 
formation (Fogg et al., 2005).  
 The subapical region (SAR) of the apical membrane is also home to another key 
complex that regulates follicle cell polarity, the PAR complex. The components of this 
complex are atypical protein kinase C (aPKC), Par-6, and Bazooka (Baz) or Par3 in 
mammals. aPKC and Par-6 have been shown to co-localize with the Crbs complex on the 
apical membrane and within the marginal zone. Both aPKC and Par-6 play significant 
roles in the maintenance of apical polarity (St. Johnston and Ahringer, 2010). aPKC 
phosphorylates Crbs and its role as a kinase is vital to the activation of Crbs and 
ultimately the establishment of the apical membrane (Sotillos et al., 2004). aPKC may 
also play a role in the formation of the apical cytoskeleton, this has been shown in human 
intestinal cells in culture (Wald et al., 2008). Par-6 has been shown to directly interact 
with components of the Crbs complex, specifically with PALS1 and Crb3 in mammals 
and Stardust and PATJ in Drosophila (Assemat et al., 2008). However, Baz localizes just 
below the apical membrane closer to the zonula adherens junctions and has been shown 
to be the dispensable component of the Par complex, in terms of its role in apical 
polarization. A recent study showed that null alleles of baz did not show a loss in cell 
polarity (St. Johnston and Ahringer, 2010; Shahab et al., 2015).  
 Much like the apical membrane, the basolateral membrane is also subdivided. 
There are three regions that make up the basolateral membrane, the region containing the 
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adherens junctions (AJs) or zonula adherens (ZA), the lateral membrane and the basal 
membrane. Baz seems to play a strong role in the formation of the zonula adherens by 
recruiting and binding to proteins, such as Armadillo, that help form the adherens 
junction. The formation of the adherens junctions are vital for intercellular adhesion (Wei 
et al., 2005; St. Johnston and Ahringer, 2010). The lateral membrane is marked by the 
localization of the third complex that is essential for the establishment and maintenance 
of polarity, the Scribble complex. This complex consists of Scribble (Scrib), Lethal giant 
larvae (Lgl), Discs large (Dlg), and Fasciclin III, and is responsible for the formation of 
the second type of intercellular junction in follicle cells, the septate junction (SJ). A loss 
in any of the proteins forming the SJ leads to a loss in cell polarity and results in over-
proliferation, deeming these proteins tumor-suppressors (Bilder et al., 2000; Bilder and 
Perrimon, 2000; Tanentzapf and Tepass, 2003). Finally, the basal membrane is polarized 
by its contact with the basement membrane. This is where extracellular matrix receptors 
such as integrins and Dystroglycan (Dg) localize (Tanentzapf et al., 2000). Par-1 also 
localizes to the basal membrane and is required for the stabilization and capping of the 
microtubules (Doerflinger et al., 2003). Thus, follicle cell polarity and epithelial cell 
polarity in general requires the complex interaction of several protein complexes, 
adhesion junctions, microtubules networks, and extracellular matrix receptors.  
 
1.6 Programmed cell death  
The follicular epithelium does not only play a role in the development of the 
germline and ultimately the oocyte; it also plays a crucial role during programmed cell 
	  	  
11 
death. Programmed cell death (PCD) is the self-destructive process by which a damaged 
or unwanted cell is systematically removed from an organism. It is vital for the 
development of different tissue types and structures in an organism. For example, as the 
tadpole develops into a mature frog, the tail is no longer needed and PCD is initiated to 
remove the structure. PCD is also used for sculpting the digits as an embryo develops. 
Tissue homeostasis also relies on the removal of cells through PCD to adjust cell number 
and eliminate damaged cells (Jacobson et al., 1997). However, PCD needs to be tightly 
regulated within an organism. When genes regulating PCD are mutated or down 
regulated, causing the inhibition of cell death, diseases can occur. Cancer is commonly 
thought of as a disease caused by overproliferation, however, there is also an inhibition of 
tumor suppressor genes, such as p53 and Bcl-2, that disrupt PCD (Takaoka et al., 2003). 
Disrupted PCD can also lead to autoimmune diseases such as Lupus. The failure to clear 
dead or damaged cells from tissue can also lead to inflammation and secondary necrosis 
(Moritoki et al., 2013). On the other hand, hyperactive PCD can also be a problem, for 
example, excessive death in post mitotic neurons can lead to neurodegenerative diseases 
such as Alzheimer’s (Silva et al., 2014). Excessive death of CD4+ T lymphocytes is the 
hallmark of the human immunodeficiency virus (HIV).  
 
1.6.1 The many faces of programmed cell death 
Since programmed cell death is a process used by many different cell types for 
many different reasons, there is more than one type of cell death. The three main types of 
cell death are apoptosis, autophagic cell death, and necrosis, however there are many 
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subtypes that are less well known. Apoptosis is a form of cell suicide that occurs 
routinely during the development of an organism and throughout its life to maintain 
tissue homeostasis and protect the organism from pathogens (Poon et al., 2014). This type 
of PCD depends on the activation of a family of cysteine aspartyl proteases known as 
caspases, which cleave other effector caspases (Casp3, Casp6, and Casp7) that in turn 
cleave target protein substrates to carryout the apoptotic process. Apoptosis is 
characterized by the progression of morphological changes that are observed. After 
apoptosis is initiated, DNA condensation appears and the nuclear chromatin becomes 
pyknotic. Catabolic hydrolases are activated that degrade the contents of the cells and the 
nuclear chromatin is fragmented. The mitochondrial outer membrane becomes 
permeabilized and the plasma membrane pinches off into smaller sections of enclosed 
cytoplasm in a process known as blebbing (Steller, 2008; Marino et al., 2014). 
Autophagic cell death is a type of cell death that depends on autophagy. It is 
defined as a type of cell death that is blocked by specifically inhibiting the autophagic 
pathway (Galluzzi et al., 2012). Autophagy or ‘self-eating’ has been viewed as a 
protective response to a stimulus or reduction in nutrients (Maiuri et al., 2007). There are 
three forms of autophagy based on how the target substrates come into contact with the 
lysosome: macroautophagy, microautophagy and chaperon-mediated autophagy 
(Peracchio et al., 2012). Macroautophagy is characterized by the creation of a double 
membrane vesicle out of an isolation membrane in response to an environmental stress. 
This vesicle called an autophagosome surrounds cytosolic proteins and organelles 
destined to be degraded or recycled. The autophagosome then matures and fuses with a 
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lysosome creating an autolysosome. The autolysosome is then filled with acidic 
hydrolases to degrade the contents (Marino et al., 2014). Microautophagy occurs when 
the membrane of the lysosome invaginates and directly absorbs the material targeted for 
degradation (Mijaljica et al., 2011). Lastly, chaperone-mediated autophagy is 
characterized by the chaperone- protein Hsc70 recognizing a KFERQ sequence at the C-
terminus of cytoplasmic proteins and assisting their entrance into the lysosome through 
the membrane protein Lamp2A (Kaushik et al., 2011). A cell can recover from autophagy 
if the nutrients are restored or the stress is relieved, however, if there is an extended 
period of stress, then PCD may follow (Marino et al., 2014). Since autophagy is viewed 
as a survival mechanism, there are very few instances of autophagic cell death (Galluzzi 
et al., 2012).  
The last major type of PCD is necrosis. Historically, necrosis was thought of as an 
uncontrolled form a cell death because it did not appear to have any program regulating it 
as compared to apoptosis and autophagy. Recently, necrosis has been more accurately 
defined as a regulated form of PCD. Necrosis is initiated when cells become injured due 
to a toxin, infection or a trauma. The progression of necrosis is as follows; the cell plasma 
membrane starts to swell along with the organelles within the cell. Controlled 
mitochondrial dysfunction becomes apparent with the increase in cytosolic calcium and 
reactive oxygen species levels and a reduction of ATP. Proteolytic enzymes become 
activated, such as calpains, (calcium-dependent, non-lysosomal cysteine proteases) and 
cathepsin proteases, to degrade proteins. Finally, the plasma membrane ruptures releasing 
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the cell’s contents into the tissue, along with inflammatory signals (Golstein and 
Kroemer, 2007).  
1.6.2 Genetic regulation of programmed cell death 
 In the Drosophila ovary, caspases execute apoptosis of the nurse cells within the 
germline of an egg chamber. When an egg chamber is healthy and developing under 
normal conditions, caspases are ubiquitinated by DIAP1 to inhibit apoptosis (Lee et al., 
2011). However, under high stress conditions an egg chamber will receive a death signal 
that will lead to the degradation of DIAP1. In most tissues in Drosophila Reaper, Hid, 
and Grim are the IAP antagonists that degrade DIAP1 (Xu et al., 2009). However, it is 
unclear what the antagonists are that degrade DIAP1 during PCD in the Drosophila 
ovary. Nutrient deprivation may initiate signaling and interactions with mitochondria and 
the Target of Rapamycin (TOR), which regulates cell growth, and these might promote 
the degradation of DIAP1 (Tanner et al., 2011; Pritchett and McCall, 2012; Jewell and 
Guan, 2013). Once DIAP1 is degraded, the initiator caspases Dronc and Strica can then 
cleave the effector caspase Dcp-1, which allows for the progression of PCD through 
apoptosis or autophagy of the nurse cells (Baum et al., 2007; Jenkins et al., 2013). 
 
1.6.3 The clearance of dead cells 
For an organism to develop correctly and protect itself from infections, it needs to 
clear the corpses of dead cells from its tissue. It has been estimated that over one million 
cells undergo apoptosis every second in the adult human. This shows that a steady rate of 
both cell death and apoptotic cell removal is crucial for tissue homeostasis (Henson and 
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Hume, 2006; Ravichandran and Lorenz, 2007). A phagocyte is a type of cell that engulfs 
or takes up cell corpses or unwanted material. If the cell’s main function is to clear 
unwanted material from tissue, then it is called a professional phagocyte; some examples 
are macrophages and immature dendritic cells. However, in certain tissues that do not 
have access to circulating macrophages or other professional phagocytes, the role of 
corpse removal can be taken on by neighboring epithelial cells (Ravichandran, 2010; 
Poon et al., 2014).  
In the Drosophila ovary, the somatic follicle cells transition into non-professional 
phagocytes to engulf or phagocytose the dying germline cells (Giorgi and Deri, 1976). 
The phenomenon of an epithelial cell taking on the role of a phagocyte is also seen in the 
retinal pigment epithelia (RPE), mammary gland epithelia, and the bronchial epithelia of 
mammals. Every night while a human sleeps the retinal pigment epithelia engulf the 
photoreceptor outer segments (POS) that are shed to clear them from the eye tissue. A 
failure in the removal of the POS by the RPEs can lead to retinitis pigmentosa and age-
related macular degeneration (Nandrot et al., 2008). In the mouse mammary gland, after 
lactation is no longer required, the gland goes through a process of tissue remodeling that 
consists of the PCD of milk-secreting alveolar cells and their removal by adjacent 
epithelial cells (Monks et al., 2008). Impaired engulfment in the mammary glad has been 
associated with breast cancer (Bagci et al., 2014). Lastly, when lung epithelial cells are 
injured and apoptosis is triggered within these cells, the neighboring bronchial epithelia 
engulf the dying cells. When the phagocytic role of the bronchial epithelia was impaired 
in mice, severe allergic airway inflammation developed (Penberthy et al., 2014).    
	  	  
16 
The general process of clearing dying cells from tissue involves four major steps 
(Fig. 1.5). First, the apoptotic cell gives off ‘find me’ signals that attract and recruit a 
nearby phagocyte to the dying cell, before the cell has completed apoptosis 
(Ravichandran, 2010). Some of the ‘find me’ signals that have been identified in 
mammalian systems are low levels of nucleotides ATP and UTP, fractalkine, 
lysophosphatidylcholine, or sphingosine 1-phosphate (Lauber et al., 2003; Gude et al., 
2008; Truman et al., 2008; Elliott et al., 2009). The second step is for the engulfment 
receptors on the surface of the phagocyte to recognize ‘eat me’ signals on the apoptotic 
cell, so that it can be identified from the other living cells. One of the most common eat-
me signals is phosphatidylserine (PtdSer). The ligand binding to the receptors initiates a 
cascade of signaling that results in a cytoskeletal rearrangement that allows the phagocyte 
to engulf the apoptotic cell. The dying cell’s corpse must then be degraded in step three 
of the process in order for the phagocyte to continue to take up dying cells. The final step 
is initiated by the interaction between PtdSer and the engulfment receptors. This 
interaction has been shown to trigger the release of anti-inflammatory cytokines such as 
TGF-b, IL-10, and prostaglandin E2 (Ravichandran, 2010).  	  
1.7 The role of follicle cells during PCD in the Drosophila ovary 
Phagocytosis by professional phagocytes has been extensively studied, however 
not much is known about how phagocytosis or engulfment is performed by non-
professional phagocytes. The Drosophila ovary is a perfect model to study the clearance 
of unwanted cells by non-professional phagocytes because the epithelial follicle cells, 
that surround the germline in an egg chamber, engulf dying germ cells when PCD is 
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initiated. There are three developmental points during oogenesis where programmed cell 
death occurs: 1) the transition from region 2a to 2b within the germarium, 2) between 
stages 7-9 before yolk production starts within the egg chambers, and 3) between stages 
11-14 when the nurse cells are cleared from the maturing egg (Fig.1.1) (King, 1970; 
Drummond-Barbosa and Spradling, 2001). PCD can be induced in the germarium and in 
mid-oogenesis by depriving the flies of protein. However, PCD in late oogenesis happens 
during the normal development of the Drosophila egg.  
 When PCD is induced in mid-oogenesis by starvation, the follicle cells 
surrounding the germline transition into non-professional phagocytes (Giorgi and Deri, 
1976). The progression of PCD in a stage 7-9 egg chamber can be characterized based on 
the morphology of the nurse cell chromatin and PCD can be broken up into phases 
(Etchegaray et al., 2012). In a healthy egg chamber the epithelial follicle cells are in a 
monolayer surrounding the germline and the nurse cell nuclei have endoreplicated DNA 
with a dispersed appearance. As PCD progresses, the nurse cell nuclei become condensed 
and the follicle cell layer synchronously enlarges to engulf the nurse cell material. At this 
time, a phagocytic cup forms on the apical side of the follicle cells to engulf the nurse cell 
material. The resulting vesicle, also referred to as a phagosome, of germline material then 
becomes internalized and is processed through endocytosis. The phagosomes increase in 
number as each follicle cell engulfs germline material, until all of the germline material is 
gone. Each phagosome is then processed within the follicle cells and the contents are 
degraded (Etchegaray et al., 2012). Not much is known about how the germline material 
is processed in the phagosome of follicle cells in Drosophila, but it is believed to follow a 
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similar pathway as phagosomes in Caenorhabditis elegans (C. elegans). The main steps 
that have been identified during the endocytosis of corpses in C. elegans are as follows: 
an endocytic cup forms at the surface of the phagocyte, the phagosome is internalized, 
small GTPases Rab5 and Rab7 associate with the phagosome to help with phagosome 
maturation, and finally the phagosome fuses with a lysosome to degrade the material 
(Kinchen et al., 2008).  
Several signaling pathways regulating engulfment have been identified in C. 
elegans, Drosophila, and mammalian systems. Research using C. elegans uncovered two 
partially redundant pathways. These pathways contain two independent signaling 
modules that utilize genes that code for “Cell death abnormal or “CED” proteins. The 
first module is composed of signaling between CED-1 (a transmembrane receptor), CED-
6 (an adaptor protein), and CED-7 (an ATP binding cassette transporter) and it is 
believed that this module is involved in corpse recognition. The second module is 
composed of CED-2 (an adaptor protein), CED-5 (GDP-GTP exchange factor), and 
CED-12 (interaction partner of CED-5). This pathway has been shown to be involved in 
actin cytoskeletal rearrangements and cell migration processes. Both pathways converge 
on CED-10 (a small GTPase) (Lauber et al., 2004). Mammalian and Drosophila orthologs 
have been identified for most of the genes involved in the two pathways (Fig.1.8) (Logan 
and Freeman, 2007). It is believed that integrins could be one of the upstream regulators 
of the CED2/5/12 pathway because they have been shown to activate the pathway 
through Src-1(Mangahas and Zhou, 2005).  
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In Drosophila, Draper, the CED-1 ortholog, has been shown to function as an 
engulfment receptor on the surface of cells within many types of tissues. Some examples 
are the follicle cells of the ovary and the glial cells within the brain (MacDonald et al., 
2006; Etchegaray et al., 2012). In the follicle cells, Draper activates Rac1, the Drosophila 
ortholog of CED-10, and triggers the downstream activation of the c-Jun NH(2)-terminal 
kinase (JNK) pathway. A feedback loop is then created where JNK signaling initiates an 
increase in Draper receptors on the surface of the follicle cells and thus more Draper 
signaling occurs (Fig. 1.9). The activation of Draper and the JNK pathway are both 
required for the engulfment of the nurse cells during PCD (Etchegaray et al., 2012). 
Similar JNK activation is seen in glial cells, and is required for their role in the clearance 
of severed axons form the brain tissue (MacDonald et al., 2013). 	  
1.8 Thesis rationale:  
Specifying a cell fate through polarization does not only rely on the asymmetric 
localization of proteins; it also involves the asymmetric localization of organelles. One 
organelle that is asymmetrically localized to the oocyte, within the egg chamber, is 
mitochondria. During oogenesis, mitochondria are amplified and localized within the 
oocyte along with RNA, protein molecules and other organelles forming mitochondrial 
clouds known as Balbiani bodies (Cox and Spradling, 2003). It is thought that only 
oocytes with healthy mitochondria survive while oocytes with defective mitochondria 
die, thus ensuring that the embryo inherits only “good” mitochondria.  
However, the role of mitochondrial function in oocyte development is currently 
unknown. A clonal genetic screen for genes involved in oocyte fate establishment 
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uncovered a mutation in the nuclear encoded mitochondrial protein Cytochrome C Heme 
Lyase (Cchl). Our preliminary results indicated that Cchl was necessary for oocyte 
polarity. This finding was interesting because Cchl is the first mitochondrial protein to be 
implicated in Drosophila oocyte fate specification. The research presented in Chapter 
three of my thesis expands our initial phenotypic characterization of Cchl mutant ovaries 
by examining meiotic arrest, the levels of cell cycle related proteins and the integrity of 
both the oocyte nuclear envelop and the microtubule network in Cchl mutant ovaries.  
Based on Cchl’s function in the electron transport chain, it seemed logical that 
Cchl might be necessary for ATP production during oogenesis. If a mutation in Cchl 
caused a decrease in ATP levels, then the energy needed for dynein mediated microtubule 
transport might not be met, which could account for the loss in cell polarity. Alternatively 
it is possible that decreased ATP levels could cause an arrest in the cell cycle, if the 
energy threshold to go from G1-S phase was not met. However, it is also possible that 
Cchl may have functions independent of its role in electron transport and may directly 
interact with genes involved in microtubule transport or cell cycle regulation. Therefore, 
we investigated whether the phenotype seen in Cchl mutant ovaries was a result of the 
function of Cchl in the electron transport chain or if Cchl had an alternative role during 
oogenesis by characterizing the mutant phenotype of other mitochondrial proteins 
involved in the electron transport chain. These experiments helped us gain insight into the 
role of Cchl and ultimately mitochondria in oogenesis.  
Cell polarity is not just important for cell fate specification, it is also important for 
molecular transport and protein trafficking. In the follicle cells of the Drosophila ovary, 
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polarization is established early on in oogenesis before the follicle cells have surrounded 
the germline cyst, and its maintenance is crucial for the development of a healthy egg 
chamber (Tanentzapf et al., 2000). However, little is known about the role of cell polarity 
during programmed cell death. During PCD in the Drosophila ovary, there is an 
asymmetric localization of the engulfment receptor Draper on the apical surface of the 
follicle cells during engulfment (Etchegaray et al., 2012). Cell polarity could be required 
for this localization and the localization of other proteins that need to be trafficked to the 
site of engulfment in the follicle cells. Preliminary research showed that the integrin 
heterodimer αPS3/ βPS was also asymmetrically localized to the apical surface of the 
follicle cells during engulfment. The polarization of the follicular epithelium might be 
required for not only the trafficking of proteins vital to the engulfment process, but also 
for the specification of which side of the follicle cell engulfs the germline material during 
engulfment and for the enlargement of the follicle cells. 
The research presented in Chapter 4 of my thesis investigated the role of the two 
major apical polarity complexes, the Par complex and the Crbs complex, during the 
engulfment of germ cells. A knockdown screen using dsRNA was performed to 
determine if the members of the Par complex (aPKC, Par-6, Baz) and the main 
component of the Crbs complex (Crb) were required for engulfment. Molecular transport 
to and from the apical side was also investigated, using dsRNA lines of the molecular 
motors Dynein and Kinesin, to determine if apical transport of proteins and other 
molecules is required for engulfment. Each dsRNA line was examined for defects in 
polarity, follicle cell enlargement, vesicle uptake, and percent unengulfed germline. The 
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localization of the engulfment receptor Draper is also examined along with the integrin 
heterodimer αPS3/ βPS. The role of the integrin heterodimer αPS3/ βPS during 
engulfment was also investigated.  
Understanding how proteins are trafficked to the site of engulfment and whether 
polarization of non-professional phagocytes, such as epithelial follicle cells, is required 
could be the key to understanding the differences between professional and non-
professional phagocytosis. Gaining a deeper understanding of how an epithelial cell 
transitions into a non-professional phagocyte is imperative to understanding the 
progression of human diseases related to defective or over-active PCD.  
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Figure 1.1 Drosophila oogenesis  
 
 
 
A) The Drosophila ovary after dissection. The ovary is made up of two bundles of 16-20 
ovarioles or chains of egg chambers progressing through development (white arrow). 
Image adapted from (Jenkins et al., 2013). B) A cartoon of the female reproductive 
system showing a zoomed in view of one of the eggs maturing in an ovariole. Figure 
adapted from (Mahowald and Kambysellis, 1980). C) A cartoon of an ovariole showing 
the full process of oogenesis from a stem cell that divides in the germarium (at the 
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anterior) to the mature stage 14 egg chamber (at the posterior) that is laid by the female. 
All of the different cell types are color coded. The DNA is shown in blue. Figure adapted 
from Alla Yalonetskaya.  	    
	  	  
25 
Figure 1.2 The specification of the oocyte within the germarium 
 
A representation of the early stages of oogenesis within the germarium is shown above. A 
Drosophila egg chamber is comprised of 16 interconnected cells, one of which will 
become the oocyte, whereas the other 15 cells develop as supporting nurse cells.  Oocyte 
fate becomes gradually restricted over time to one cell through the accumulation of 
oocyte specific factors such as ORB (blue). Simultaneously, meiosis is restricted from 
several cells down to one cell, indicated by the presence of the synaptonemal complex 
shown in green. The microtubule network also develops and is translocated from the 
anterior of the specified oocyte to the posterior polarizing the cell and further establishing 
the oocyte’s cell fate. Adapted from Dr. Caryn Navarro. 	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Figure 1.3 The formation of the follicular epithelium 
 
A-C) A schematic showing the establishment of follicle cell polarity in the germarium of 
an ovariole. A) The germline cysts (green) and follicle cells (yellow) progressing through 
germarial regions 1-2b and stage 1 are depicted. Follicle cells divide from two stem cell 
precursor cells on the edge of region 2a. The follicle cells then migrate from the wall of 
the germarium and surround a germline cyst at region 2b. The newly formed egg 
chamber is then pinched off from the germarium at stage 1. B) A close up of a follicle 
cell in region 2b before it has come into contact with the germline cyst. Only the basal 
membrane (blue) has been polarized due to its contact with the basement membrane. C) 
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A close up of a follicle cell in stage 1 after it has surrounded the germline cyst. The 
follicle cell is fully polarized with an apical membrane (red) and a lateral membrane 
specified (purple). The zonula adherens has also formed and creates a boundary between 
the apical and basolateral membranes. Figure adapted from (Tanentzapf et al., 2000).  	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Figure 1.4 The major types of programmed cell death 
 
Schematic of the three major types of programmed cell death. Apoptosis (red) is 
characterized by cell shrinkage, membrane blebbing and nuclear fragmentation. 
Autophagic cell death (green) is characterized by the formation of a double membrane 
bound autophagosome, the fusion of the autophagosome with a lysosome, and the 
degradation of the contents. Necrosis is characterized by membrane and organelle 
swelling, plasma membrane rupture and cell lysis. Figure adapted from (Tan et al., 2014). 	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Figure 1.5 The pathway regulating programmed cell death in Drosophila 
	  
A cartoon of the pathway regulating programmed cell death in the nurse cells (NC) of the 
Drosophila ovary. Under normal conditions the Inhibitor of Apoptosis (DIAP1) 
suppresses the initiator caspases (Dronc and Strica) along with the effector caspase Dcp-
1. When cells are nutrient-deprived, a death signal (through TOR or mitochondria) 
degrades DIAP1 and allows the caspases to promote programmed cell death through 
apoptosis or autophagy. Figure adapted from (Jenkins et al., 2013). 	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Figure 1.6 The progression of engulfment  
  
The schematic above shows the four major steps in the engulfment of a dying cell. A 
phagocyte must first be recruited to the area of the dying cell through ‘find me’ signals. 
Then the receptors on the phagocyte must bind to the ‘eat me’ signals on the dying cell. 
This signal is commonly phosphatidylserine (PS) exposed on the surface of the dying 
cell. The dying cell corpse is then engulfed and degraded by the phagocyte. Anti-
inflammatory cytokines are also released as a result of engulfment. Figure adapted from 
(Ravichandran, 2010). 
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Figure 1.7 The role of the follicle cells during starvation induce PCD 
 
A-C) The progression of PCD in an egg chamber. Egg chambers were stained with an 
antibody against Dlg (magenta) to mark the membrane and DAPI. The germline 
cytoplasm is marked with GFP. A-A’) A healthy egg chamber. The nurse cell nuclei have 
chromatin that is dispersed and endoreplicated (A, yellow arrow). The follicle cells are in 
a monolayer surrounding the germline (A’). B-B’) A mid-dying egg chamber. The nurse 
cell nuclei are condensed (B, yellow arrow). The follicle cell membrane has enlarged and 
there are vesicles of germline material within the follicle cells (B’, yellow arrow). C-C’) 
A late dying egg chamber. The follicle cells have almost completely engulfed the 
germline material (C, yellow arrow). Figure adapted from (Etchegaray et al., 2012). 	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Figure 1.8 The pathways regulating engulfment  
 
The schematic above displays the two redundant pathways that regulate engulfment. The 
CED-1/6/7 pathway and the CED-2/5/12 pathway were first discovered in C. elegans. 
Both pathways converge on CED-10. There have been mammalian (red) and Drosophila 
(purple) orthologues discovered of most of the genes in the pathway (Logan and 
Freeman, 2007).  	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Figure 1.9 The role of the JNK pathway 
 
The cartoon above shows the pathway regulating the engulfment of the dying nurse cells 
(NC) by the follicle cells (FC). The engulfment receptor Draper, a CED-1 ortholog, is 
activated in the nearby follicle cells, which activates Rac-1 and the JNK signaling 
pathway to promote the engulfment of the germline material. JNK signaling also feeds 
back and recruits more Draper receptors to the follicle cell surface. Figure adapted from 
(Jenkins et al., 2013).
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CHAPTER 2 
Materials and Methods 
 	  
2.1 Materials and methods used in Chapter 3  
2.1.1 Drosophila strains 
Fly stocks and crosses were raised at 25°C on standard cornmeal/molasses food. 
The FRT82B e, 38-2 / TM3, Sb, e mutant line was originally isolated in a clonal EMS 
screen (Morris et al., 2003). The two alleles of Cchl: y w; FRT82B CchlJV32/TM6B, Tb 
and y w; FRT82B CchlJV56/TM3, Sb, KrGFP, and the three electron transport chain 
mutants, y w; FRT82B  ATPsyn-δ JV115/TM6B,Tb , w; FRT82B CoVatend/TM6B,Tb , y w; 
FRT82B coq2 JV259/TM6B,Tb were obtained from Utpal Banerjee (Liao et al., 2006). The 
Pdsw allele y w; FRT40A Pdswk10101/CyO was obtained from the Kyoto Stock Center. 
The Bloomington 3R deficiency kit and mutant alleles of candidate genes used for 
complementation testing were all provided by the Bloomington Stock Center.  
 
2.1.2 Deficiency mapping, complementation testing and sequencing  
The mutation in the FRT82B e, 38-2 / TM3, Sb, e line was mapped using the 
Bloomington 3R deficiency kit. Virgin females of FRT82B e, 38-2 / TM3, Sb, e were 
crossed to male flies of each deficiency (Df) and lethality was assessed (Fig. 2.1 A). The 
38-2 mutation was found to lie in the Df(3R)8923 region from 93F14-94B5. This region 
was further subdivided with smaller deficiencies and the 38-2 mutation was found to lie 
in a region between 94A1 and 94A2 on the right arm of the third chromosome, where 
Df(3R)7667 and Df(3R)27376 overlap. This region contained 19 genes, and eight mutant 
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alleles were used in complementation tests (Fig. 2.1 B). Cytochrome c heme lyase (Cchl) 
failed to complement the 38-2 line indicating that the mutation was in Cchl. Embryos 
were then collected from a 38-2 fly line containing a GFP marker (38-2/ TM3, Kr, GFP). 
The embryos were sorted against the GFP marker and homogenized in Buffer A. The 
isolated DNA was then PCR amplified using primers for Cchl. The Cchl gene was 
sequenced from the PCR product and it was found to contain a C > T transition which 
converts a Proline to a Leucine at amino acid 116 in the catalytic domain. 
 
2.1.3 Generation of germline clones 
Clones were generated using the FLP/FRT system (Fig. 2.2, Chou and Perrimon, 
1996). FRT82B e, 38-2 / TM3, SB, e male flies were crossed with y w, 
hsflpii;FRT82BUbiGFP virgin female flies. Clones were induced in 2nd or 3rd instar larvae 
or in adult flies by heat shocking. Larvae were heat shocked at 37°C for two hours for 
two consecutive days and the adult flies were dissected 3-4 days after eclosion. Adult 
flies (2-3 days old) were also heat shocked to maximize clone frequency. Adults were 
heat shocked at 37°C for one hour twice a day, with 7-8 hours in between the heat 
shocks, for three consecutive days. The flies were dissected 9 days after the last heat 
shock. Mutant egg chambers were identified by the absence of GFP.   
 
2.1.4 Immunohistochemistry and microscopy  
Ovaries were processed for immunohistochemistry as in Navarro et al., 2004. 
Flies were placed in fresh vials with yeast pellets in addition to their standard food 
overnight at 25°C. The ovaries were then dissected in 1x EBR at room temperature. After 
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dissection the ovaries were fixed for 20 min in 200 ul of PBS containing 2% EM grade 
formaldehyde (Ted Pella) and 0.5% NP-40 plus 600 ul heptane at room temperature. The 
fixed ovaries were then rinsed three times with PBST (PBS + 0.2% Tween-20) and 
washed three times for five minutes each. The ovaries were then taken to the dissection 
microscope and the ovarioles were teased apart. To permeabilize the tissue, the ovaries 
were incubated for one hour in PBST + 1.0% Triton at room temperature. The ovaries 
were then placed in blocking solution consisting of PBST + 1% BSA + 2% Donkey 
serum for one hour at room temperature. The primary antibody was then added to the 
ovaries and incubated in PBST overnight at 4°C. The ovaries were then washed with 
three consecutive washes in PBST for 20 minutes each at room temperature. The ovaries 
were blocked a second time for one hour in PBST + 1.0% BSA + 2% Donkey serum at 
room temperature.  
The secondary antibody was then added to the ovaries submerged in PBST + 
1.0% BSA and the ovaries were incubated for two hours at room temperature. The 
ovaries were washed two times in PBST for 20 minutes each at room temperature. The 
final incubation was done in a solution of 1:1000 DAPI/PBST for 10 minutes at room 
temperature. The ovaries were washed a final time for 10 minutes at room temperature in 
PBST. After the wash was changed, the ovaries were either left in PBST at 4°C until 
mounted.  
Antibodies were used at the following concentrations: Chicken α-GFP, 1:5000 
(Abcam); mouse α-Orb, 1:100; mouse α-Dynein (2c11), 1:3; mouse α-Dap (NP-1), 1:3; 
mouse α-Lamin Dm0 (ADL84.12), 1:1 (Developmental Studies Hybridoma Bank); rabbit 
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α-Orb, 1:500; rabbit α-Egl, 1:500; rabbit α-C(3)G, 1:500; (Navarro et al., 2004); mouse 
α-ATP-syn at 1:1000 (MitoSciences, Inc). Phalloidin from Life Technologies was used at 
a dilution of 1:200. The following secondary antibodies from Molecular Probes (Alexa 
Fluor 488-conjugated goat anti-chicken; Cy3-, or Cy5- conjugated donkey anti-mouse or 
rabbit) were used at a dilution of 1:500. DAPI was used at a dilution of 1:1000. Ovaries 
were mounted in 50% glycerol/PBS with 2.5% DABCO (1,4-diazabicyclo [2.2.2] 
octane). Imaging was then performed using a Zeiss LSM 510 confocal or an Olympus 
Fluoview FV10i confocal. Images were processed using Image J and Photoshop software.  
 
2.1.5 Microtubule Staining 
Ovaries were processed for microtubule visualization as in Theurkauf et al., 1994. 
Briefly, ovaries were dissected and fixed in one part 2x Fix buffer (200mM sodium 
cacodylate, 200mM sucrose, 80 mM sodium acetate, 20 mM EGTA, pH 7.2): one part 
16% formaldehyde for 4-5 minutes. The ovaries were then rinsed three times with PBST 
(PBS + 0.2% Tween-20) and washed one time for five minutes. After washing the 
ovaries, they were blocked in PBST+ 1% BSA for one hour. Ovaries were then incubated 
with anti-tubulin FITC conjugated clone DM1A at 1:250 (Sigma-Aldrich) overnight. The 
ovaries were washed three times for 20 minutes each and then processed as above for 
secondary antibody incubation and imaging.  
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2.2 Materials and methods used in Chapter 4 
2.2.1 Fly strains and manipulations.  
All strains were reared on standard cornmeal molasses fly food at 25°C unless 
otherwise indicated. For starvation experiments, adult flies were placed in new vials 
containing fly food supplemented with freshly made yeast paste for 1.5-2 days and 
transferred to apple juice agar vials overnight (Sarkissian et al., 2014). All strains were 
obtained from Harvard TRiP (Ni et al., 2008), the Bloomington Stock Center or Vienna 
Drosophila Resource Center unless otherwise indicated. G89 (G00089), a GFP gene trap 
from FlyTrap (Morin et al., 2001; Etchegaray et al., 2012) was recombined with the 
follicle cell specific driver GR1-GAL4 (Trudi Schϋpbach, Princeton University, NJ, USA; 
(Goentoro et al., 2006; Etchegaray et al., 2012) and was crossed to all UAS lines (Fig. 
2.3). The follicle cell specific driver GR1-GAL4 drove the knockdown or overexpression 
of the target gene in follicle cells after stage 3 of oogenesis. This allowed the follicle cells 
to develop normally and establish polarity in the follicular epithelium in early oogenesis. 
However, the target gene would be overexpressed or disrupted in mid-oogenesis (Fig. 
2.4).  
Some dsRNA lines were lethal, so GR1-GAL4 was combined with tubulin-
GAL80ts and flies were reared at 18°C. Progeny with tubulin-GAL80ts were transferred to 
29°C for 2 days to inactivate GAL80. All dsRNA crosses shown were transferred to 29°C 
while conditioning and starving. All other lines were reared, conditioned, and starved at 
25°C. The puc-lacZ line was pucA251.1,ry/TM3 (Martín-Blanco et al., 1998; Etchegaray et 
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al., 2012). drprΔ5 (draper-/-) (Freeman et al., 2003; Etchegaray et al., 2012) was provided 
by Estee Kurant (Technion-Israel Institute of Technology, Haifa, Israel). 
 
2.2.2 Antibody staining and microscopy.  
Flies were dissected in Grace’s media and ovaries were fixed and stained as 
described previously (Tanner et al., 2011). Briefly, ovaries were fixed in a Grace's fix 
(300ul Grace's, 200ul Heptane, and 100ul 16% paraformaldehyde opened fresh < 1week) 
for 20 minutes while rotating. After fix, ovaries were first rinsed quickly two times in 
PBT (1X PBS with 0.1% Triton X-100) and then washed three times with PBT for 20 
minutes, while rotating. The ovaries were then blocked with PBANG (1X PBT +0.5% 
BSA + 5% Normal Goat Serum (NGS)) for one hour at room temperature, while rotating. 
After the ovaries were blocked, they were incubated in primary antibody diluted in 
PBANG overnight at 4°C, while rotating. The following morning the antibody was 
removed and the ovaries were rinsed two times with PBT. The ovaries were then washed 
four times with a blocking solution of PBT + 0.5% BSA for 30 minutes while rotating. 
Next, the ovaries were incubated in secondary antibody diluted in PBANG for one hour 
on a covered rotator. To remove the secondary antibody, the ovaries were first rinsed two 
times with PBT and then washed four times with PBT + 0.5% BSA for 30 minutes, while 
rotating. A final rinse was done with 1xPBS and then1-2 drops of Vectashield + DAPI 
(Vector Labs) was added to each tube of ovaries and they were put at 4°C overnight. 
Primary antibodies used were: cleaved α-Dcp-1 (1:100, Cell Signaling), α-Dlg 
(1:100, Developmental Studies Hybridoma Bank (DSHB)), α-αPS3 (1:300, Shigeo 
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Hayashi or 1:1000, this study), α-βPS (1:10, DSHB), α-Drpr (1:50, DSHB 5D14), α-β-
Gal (1:400, Promega), α-aPKC (1:1000, Santa Cruz Biotechnology, Inc.), α-Dynein (1:3, 
DSHB 2C11), and α-Talin (mixture of A22A and E16B, 1:50 each, DSHB). The αPS3 
antibody was made using the peptide sequence utilized for the original antibody (Wada et 
al., 2007) and generated by YenZym (San Francisco, CA). The serum was affinity-
purified twice before use. It shows the same expression pattern as the original antibody 
from the Hayashi lab. Secondary antibodies used were goat-α-rabbit Cy3, goat-α-mouse 
Cy3, goat-α-mouse Alexa Fluor 647 (Jackson ImmunoResearch), each at 1:100, and goat-
α-rabbit Alexa Fluor 488 (Invitrogen) at 1:200. Egg chambers were imaged on an 
Olympus FV10i confocal microscope, images were processed using ImageJ and Adobe 
Photoshop, and figures were made using Adobe Illustrator. 
	  
2.2.3 Identifying the phases of death. 
To determine if a dsRNA knockdown line or an overexpression line had an 
engulfment defect, we first had to identify what phase of death each dying egg chamber 
was in. To do that, we categorized each dying egg chamber based on the characteristics 
previously identified for each phase (Etchegaray et al., 2012). We analyzed the nurse cell 
morphology and appearance of the follicle cell DNA to phase each egg chamber (Fig. 
2.5). Phases 1-3 were determined based on the morphology of the nurse cells. Mutant 
ovaries accumulated egg chambers between phases 3-5 and had premature death of 
follicle cells, so we had to use slightly different characteristics to phase egg chambers 
between phases 3-5. The number of pyknotic follicle cells or dead follicle cells was used 
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to identify which phase the egg chambers were in. Phase 3 egg chambers had a few dying 
follicle cells, Phase 4 had many dying follicle cells and Phase 5 egg chambers had only a 
few healthy follicle cells remaining.   	  
2.2.4 Engulfment quantification.  
We quantified the percentage of unengulfed germline as previously described 
(Etchegaray et al., 2012). At least three egg chambers were analyzed for each phase and 
genotype. To measure uptake directly, we used an antibody raised against cleaved Dcp-1 
to mark engulfed vesicles (Sarkissian et al., 2014), and at least three egg chambers were 
quantified for each phase (phases 1-4) and genotype. P values were determined using 
one-way ANOVA and a Bonferroni-Holm post-hoc test. 
2.2.5 Integrin enrichment quantification.  
To quantify the localization of αPS3 and βPS, lines were drawn from apical to 
basal through nine cells of each egg chamber and a line plot of the intensity 
measurements was generated (Fig. 2.6). The last two microns on either end of the cell 
were designated as the apical or basal regions. The peak values were identified and the 
remainder of the cell (cytoplasmic) was averaged; these values were averaged and 
graphed. These values were normalized to the average intensity from healthy control egg 
chambers imaged on the same slide at the same settings. At least three egg chambers for 
each phase and genotype were quantified (phases 1-4). P values were determined using 
one-way ANOVA and a Bonferroni-Holm post-hoc test.   
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Figure 2.1 The mutation in the 38-2 line was identified using deficiency mapping. 
 
A) The mutation in the 38-2 mutant line was mapped using the deficiency library from 
the Bloomington Stock Center. Each deficiency had a large section of genes missing on 
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the right arm of the 3rd chromosome. The 38-2 mutant line was crossed to each deficiency 
in the library and tested for complementation. Because the mutation was recessive lethal, 
if the deficiency failed to complement 38-2, then no progeny would be produced 
containing both the deficiency and the 38-2 mutation. The deficiency that failed to 
complement the 38-2 line was Df(3R)8923, which spanned a large area from 93F14-
94B5 (Blue bar). We then found deficiency lines that had large sections of missing genes 
within the disrupted region in Df(3R)8923, to narrow down the candidate genes within 
the area. The Df(3R)27377 line failed to complement the mutation in 38-2 (red x). We 
then divided the region missing in Df(3R)27377 using smaller deficiencies. The 
Df(3R)7667 and Df(3R)27376 lines both failed to complement the mutation in 38-2 
showing that the mutation was between 94A1-94A2, where these two deficiencies 
overlapped (red circle). B) The region between 94A1-94A2 contained 19 genes, but only 
8 of them had mutant alleles publicly available (orange stars). We crossed mutant alleles 
of all 8 genes to the 38-2 line and found that the mutant allele of Cchl failed to 
complement the 38-2 line (red box). Parts of this figure were adapted from Flybase. 	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Figure 2.2 Schematic of the Flp/FRT system. 
 
Germline clones were created in a heterozygous fly using the Flp/FRT system. The 38-2 
mutation was generated on a chromosome that contained an FRT (Flp recombinase 
target) site. When crossed to a transgenic fly line that contains both Flp recombinase and 
an FRT site in an identical positions, site-specific recombination occurs in the progeny 
when Flp is induced. During mitosis when the paternal cell divides, site-specific 
recombination occurs and the chromosome arm distal to the FRT sites recombines 
between the two homologous chromosomes. The daughter cells can then inherit two 
copies of the same region, creating one cell that is homozygous for the mutation and 
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another cell that is homozygous for the wild-type region. Adapted from (St. Johnston, 
2002).  
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Figure 2.3 Gene manipulation using the GAL4/UAS system. 
 
Genes were either overexpressed or knocked down in the follicle cells of egg chambers 
using the GAL4/UAS system. This system worked as follows: One fly line contained a 
genomic enhancer, in our case GR1, that expressed a yeast transcription activator protein 
GAL4 only in the follicle cells. The other fly line had a UAS (Upstream Activation 
Sequence) attached to the gene of interest or dsRNA. When these two fly lines were 
crossed, GAL4 specifically bound to the UAS and this activated transcription of the gene 
of interest or dsRNA in the progeny. Since the GR1 driver was used, the gene of interest 
or the dsRNA would only be transcriptionally activated in the follicle cells of the egg 
chambers during oogenesis. Adapted from (St. Johnston, 2002) 	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Figure 2.4 GR1-GAL4 drives the expression of the dsRNA or target gene in follicle 
cells starting after stage 3.   
 
Since many of the genes we examined in this study function in cell specification and 
differentiation, knocking them out or overexpressing them could cause death to the cells 
early on in oogenesis. Therefore, it was important to knock them out or overexpress them 
after the egg chamber had developed normally. Here GR1-GAL4 is driving the expression 
of UAS-mCD8-GFP. A-A’) Initial GFP expression is seen in the follicle cells of healthy 
egg chambers after stage 3 of oogenesis (white arrowhead). However, robust expression 
in healthy egg chambers is not seen until stage 6 of oogenesis. B-B’) GR1-GAL4 also 
drives the expression of UAS-mCD8-GFP in the follicle cells of mid-stage dying egg 
chambers. Adapted from (Etchegaray et al., 2012). 
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Figure 2.5 The characterization of the phases of death during mid-oogenesis. 
 
Egg chambers from starved flies expressing a germline specific GFP gene trap (G89, 
green) were stained with DAPI to mark the DNA (cyan) and α-Dlg to mark the follicle 
cell membrane (magenta). A) Healthy or Phase 0, nurse cell nuclei have endoreplicated 
DNA and the chromatin is disperse. The follicle cells are in a monolayer surrounding the 
egg chamber and their membranes are not enlarged. No germline GFP has been taken up 
into vesicles (lower panels). B-F) The progression of cell death. B) Phase 1, the nurse cell 
chromatin appears disordered (white arrow). C) Phase 2, the nurse cell chromatin is 
condensed, however individual nuclear regions can still be identified (white arrow). The 
follicle cell membrane has started to enlarge and GFP positive vesicles can be seen within 
the follicle cells (lower panels, arrowhead). D) Phase 3, nurse cell chromatin has fully 
condensed into balls and individual nuclear regions are no longer seen (white arrow). The 
follicle cells continue to enlarge and more vesicles are seen within the cells (arrowhead). 
E) Phase 4, the nurse cell chromatin has started to pull apart and become disperse through 
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the egg chamber (white arrow). F.) Phase 5, almost all the germline material has been 
engulfed by the follicle cells. All that remains is a sheath of follicle cells (white arrow). 
Adapted from (Etchegaray et al., 2012).  
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Figure 2.6 Quantification method for the percent unengulfed germline material and 
integrin enrichment. 
 
A) ImageJ was used to quantify the engulfment defective phenotype. The outline of the 
follicle cell membranes were used to determine the area of the whole egg chamber (white 
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dotted line) and the area of the germline (yellow dotted line). The area of the unengulfed 
germline material was compared to the area of the entire egg chamber in a ratio that is 
referred to as the % unengulfed germline. B) To quantify the localization of a protein 
within the follicle cells, lines from apical to basal through nine different cells of each egg 
chamber were drawn using ImageJ. A line plot of the intensity measurements across that 
line from apical to basal was generated.  
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Table 2.1 Antibodies used in Chapter 3 
Antibody 
Host 
Species Concentration Source 
Primary    
anti-GFP  chicken 1:5000 Abcam 
anti-Orb mouse 1:100 
Developmental Studies 
Hybridoma Bank 
anti-Dynein (2C11) mouse 1:3 
Developmental Studies 
Hybridoma Bank 
anti-Dap (NP-1) mouse 1:3 
Developmental Studies 
Hybridoma Bank 
anti-Lamin Dm0 (ADL84.12) mouse 1:1 
Developmental Studies 
Hybridoma Bank 
anti-Orb rabbit 1:500 Navarro et al., 2004 
anti-Egl rabbit 1:500 Navarro et al., 2004 
anti-C(3)G rabbit 1:500 Navarro et al., 2004 
anti-ATP-syn mouse 1:1000 MitoSciences, Inc 
anti-tubulin FITC conjugated 
clone DM1A mouse 1:250 Sigma-Aldrich 
Secondary     
goat-anti-chicken Alexa Fluor 
488 goat 1:500 Molecular Probes 
donkey-anti-mouse Cy3 donkey 1:500 Jackson ImmunoResearch 
donkey-anti-mouse Cy5 donkey 1:500 Jackson ImmunoResearch 
donkey-anti-rabbit Cy3 donkey 1:500 Jackson ImmunoResearch 
donkey-anti-rabbit Cy5 donkey 1:500 Jackson ImmunoResearch 
goat-anti-mouse Cy2 goat 1:250 Jackson ImmunoResearch 	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Table 2.2 Antibodies used in Chapter 4 
Antibody 
Host 
Species Concentration Source 
Primary    
anti- aPKC rabbit 1:1000 Santa Cruz Biotechnology, Inc 
anti- αPS3 rabbit 1:300 Shigeo Hayashi 
anti- αPS3 rabbit 1:1000 YenZym, Meehan et al.,2015 
anti-βPS mouse 1:10 
Developmental Studies 
Hybridoma Bank 
anti- β-Gal mouse 1:400 Promega 
anti-Cleaved Dcp-1 rabbit 1:100 Cell Signaling Technology 
anti-DCAD2 rat 1:10 
Developmental Studies 
Hybridoma Bank 
anti-Discs large mouse 1:100 
Developmental Studies 
Hybridoma Bank 
anti-Draper (5D14) mouse 1:50 
Developmental Studies 
Hybridoma Bank 
anti-Dynein (2C11) mouse 1:3 
Developmental Studies 
Hybridoma Bank 
anti-Kinesin  rabbit 1:100 Cytoskeleton, Inc. 
anti-Talin (mix A22A and 
E16B) mouse 1:50 each 
Developmental Studies 
Hybridoma Bank 
Secondary    
goat-anti-mouse Cy3 goat 1:200 Jackson ImmunoResearch 
goat-anti-mouse Alexa Fluor 
647 
 goat	   1:100 Jackson ImmunoResearch 
goat-anti-rabbit Cy3 goat 1:200 Jackson ImmunoResearch 
goat-anti-rabbit Alexa Fluor 
488 
goat 1:200 Invitrogen 
goat-anti-rat Dy Light 649 goat 1:100 Jackson ImmunoResearch 
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CHAPTER 3 
The mitochondrial protein Cytochrome c heme lyase is necessary for the 
maintenance of oocyte cell polarity during Drosophila oogenesis 
	  
3.1 Introduction 
The development of most organisms relies on the specification of multiple cell 
types from a single primordial germ cell. Abnormal cell fate specification and 
maintenance can lead to defects in embryonic development and adult tissue homeostasis. 
Many cells are polarized and this polarization is important for cell fate establishment and 
maintenance. Cell polarity can be established through the asymmetric partitioning of cell 
specific factors during cell division, the intracellular transport and localization of 
proteins, RNAs and organelles by microtubule motor complexes, or by the translocation 
of microtubule organizing centers (Lin and Spradling, 1995). All of these mechanisms are 
used during Drosophila oogenesis to establish cell polarity and specify the oocyte.  
During Drosophila oogenesis, the oocyte develops from the asymmetric divisions 
of a germline stem cell. These asymmetric divisions are incomplete and create a polarized 
cyst of 16 interconnected cells. One of these cells will become the oocyte while the others 
develop as supporting cells, known as nurse cells (Lin and Spradling, 1995; de Cuevas 
and Spradling, 1998; Pepling and Spradling, 1998; Lin, Yue, and Spradling, 1994). 
Although several events have been identified as important for oocyte specification and 
fate maintenance, how these events are regulated is currently unknown. For example, it is 
known that several of the 16 cells in the cyst initially will enter meiosis but as oogenesis 
progresses only one cell, the oocyte, remains in meiosis. The other 15 cells fated to 
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become nurse cells enter the endocycle and replicate their DNA to provide support for the 
developing oocyte (Huynh and St Johnston, 2004;Lin and Spradling, 1995). This process 
relies on the oocyte specification proteins Egalitarian (Egl) and Bicaudal D (BicD). 
As meiosis becomes restricted to the oocyte, centrioles migrate toward the oocyte, 
a microtubule organizing center forms toward the center of the oocyte and a polarized 
microtubule network is established such that the microtubule minus ends are focused 
within the oocyte. Oocyte specific RNAs and proteins are transported along the 
microtubule network by the dynein motor complex (Huynh and St Johnston, 2004). 
Interestingly, the accumulation of oocyte specific factors within the oocyte depends on 
the microtubule network as well as the dynein motor complex and its adaptor proteins, 
Egl and BicD. While centriole migration is independent of Egl, BicD and a dynamic 
microtubule network, it does rely on a stable microtubule network, and the Spectraplakin 
protein, Shot (Short-Stop) (Roper and Brown, 2004). Combined these data indicate that 
the process of oocyte specification is complex and relies on the coordination of many 
events. However, as stated above, what coordinates and regulates these events is 
currently unknown. 
 At the time of oocyte specification, oocyte specific markers localize to the 
anterior of the cell. These factors must be transported to the oocyte posterior in order for 
fate to be maintained. This repolarization relies on the Par family proteins, the dynein 
motor complex and the translocation of the microtubule organizing center (Martin and St 
Johnston, 2003). The maintenance of oocyte fate also relies on two cell cycle proteins, 
Dacapo (Dap) a p27cip/kip ortholog and Cyclin E (CycE). Dacapo inhibits DNA synthesis 
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and is expressed at high levels within the oocyte to keep the oocyte arrested in meiosis. 
CycE controls the endocycle of the 15 nurse cells and is expressed in waves of high and 
low expression depending on which nurse cells are actively replicating their DNA (Hong 
et al., 2003; Huynh et al., 2001).  
In addition to RNA and proteins, organelles such as mitochondria, ER and golgi 
localize to and within the oocyte during oogenesis in a microtubule dependent manner. 
Together, these organelles as well as localized RNA and proteins aggregate and form a 
structure called the Balbiani body or mitochondrial cloud. Balbiani bodies associate with 
germ plasm and are inherited by the embryo, providing the embryo with functional 
organelles needed to provide energy and ensure viability. Balbiani body formation and 
localization are conserved among many species, including mammals, however, little is 
known about their relevance to oocyte development (de Smedt V et al., 2000).  
Here, we identify the nuclear encoded mitochondrial protein Cytochrome C Heme 
Lyase (Cchl) as a protein necessary for maintaining cell polarity in the Drosophila ovary. 
Cchl function is needed to provide Cytochrome-C with a heme group thereby activating 
the enzyme, and driving the electron transport chain toward ATP production.  We find 
that Cchl mutant oocytes have an altered cell cycle, a decondensed karyosome, 
mislocalized dynein proteins and oocyte specific factors within the oocyte, and an under-
developed microtubule network. We also find that mutations in other genes necessary for 
regulating ATP levels in the Electron Transport Chain (ETC) show a phenotype similar 
to Cchl mutant oocytes. This indicates that mitochondrial function might be necessary for 
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regulating cell polarity maintenance and oocyte identity and this could be a general 
mechanism for the maintenance of cell polarity in polarized cells.  
 
3.2 Cell Polarity is lost in 38-2 mutant egg chambers 
The 38-2 mutant line was originally isolated in a clonal EMS screen for genes 
necessary for oocyte specification and maintenance (Morris et al., 2003). However, its 
oogenesis phenotype was not fully characterized. We first determined whether oocyte 
fate was established and maintained in 38-2 mutant egg chambers by examining the 
localization and transport of oocyte specific factors using immunohistochemistry (IHC). 
Because the gene mutated in the 38-2 line is essential for fly viability, we generated 
germline clones using the FLP/FRT system to study the 38-2 mutant oogenesis phenotype 
(Morris et al., 2003;	  Chou and Perrimon, 1996). The 38-2 mutation was induced on an 
isogenic FRT-82B e chromosome. We used antibodies against the oocyte specific marker 
oo18 RNA binding protein (Orb); Dynein heavy chain (Dhc), a core dynein motor 
complex protein and Egl, an adaptor on the dynein motor complex, to visualize the 
dynein mediated molecular transport of oocyte specific factors in 38-2 mutant germline 
clones. In a wild-type ovariole the dynein motor complex travels along microtubules to 
the oocyte and localizes to the anterior in Region 2B of the germarium, along with Orb 
and other oocyte specific factors (Fig 3.1 A). As the egg chamber matures and starts to 
bud from the germarium the oocyte moves to the posterior of the chamber at stage 1. At 
this time the dynein complex, oocyte specific proteins and the MTOC move from the 
anterior to the posterior of the oocyte polarizing the oocyte (Fig 3.1A, yellow arrows). 
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Newly formed egg chambers bud off from the germarium and form a chain of egg 
chambers progressing through oogenesis. As the oocyte matures, Orb spreads out across 
the oocyte’s cytoplasm with a high concentration at the anterior cortex (Fig 3.1B). In 38-
2 mutant ovaries both Egl and Dynein localize to the oocyte in Region 2B and stage 1, as 
in wild-type (Fig 3.1C-C’’’, outline), however Egl and Dynein fail to translocate from the 
anterior to the posterior of the oocyte and are still retained at the anterior at stage 4 (Fig 
3.1D-D’’’, white arrows). The localization of Egl and the oocyte specific factor Orb then 
becomes punctate within the oocyte starting at stage 4 and is gradually lost by stage 8 
(Fig 3.1E-E’’ and Fig 3.1F-F’’). At this time the oocyte reverts back to a nurse cell fate, 
based on the state of the oocyte chromatin (see below) and oogenesis arrests between 
stages 4-8. This indicates that the anterior-to-posterior transition of oocyte specific 
factors is defective in 38-2 mutant egg chambers.  
 
3.3 38-2 mutant ovaries fail to maintain meiotic arrest. 
We next examined meiotic progression in 38-2 mutant ovaries using an antibody 
to the synaptonemal complex protein, C(3)G. In wild-type ovaries after cyst division is 
complete, several cells initially enter meiosis. Over time most of these cells exit meiosis 
leaving only the oocyte arrested in meiosis. (Fig 3.2A-A’, outline). In 38-2 mutant 
chambers two cells in Region 2B accumulate C(3)G indicating that they have entered 
meiosis, as in wild-type (Fig 3.2 B’ and C’). However, in contrast to wild-type where one 
of these cells will exit meiosis, in the mutant egg chambers there is a delay with the two 
cells remaining in meiosis at stage 2 (Fig 3.2 D’). Orb is also localized around the two 
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cells that remain in meiosis, showing a delay in oocyte specification. This delay is seen in 
37.5% of egg chambers between stages 2-4 (Fig 3.3). By stage 6, C(3)G staining is no 
longer visible in the oocyte (Fig 3.2E, white arrow). This indicates that meiotic restriction 
is defective and meiotic arrest is not maintained in 38-2 mutant egg chambers. 
 
3.4 The oocyte cell cycle and cell growth are altered in 38-2 mutant ovaries.  
Since the oocyte’s identity is lost with the loss of cell polarity in 38-2 mutant 
ovaries and the cell seems to exit meiosis as judged by the disappearance of C(3)G 
staining , we next examined the state of the oocyte cell cycle using an antibody against 
Dacapo. In wild-type egg chambers when the oocyte arrests in meiosis, the karyosome 
condenses into a tight ball of chromatin (Fig 3.4 A, yellow arrow) and the levels of the 
cell cycle regulator Dacapo are high to inhibit DNA synthesis (Fig 3.4 A’’, yellow 
arrow). The levels of Dacapo within the nurse cells oscillate, depending on which nurse 
cells are actively endoreplicating their DNA (Fig 3.4 A’’, yellow arrowhead). In 38-2 
stage 6 mutant egg chambers the karyosome is decondensed and has a fragmented 
appearance (Fig 3.4 B, white arrow). Additionally, the levels of Dacapo within the oocyte 
are reduced (Fig 3.4 B’’, white arrows), whereas the levels of Dacapo in the surrounding 
nurse cells appear unaltered (Fig 3.4 B’’, white arrowhead). This indicates that DNA 
synthesis in the oocyte may no longer be inhibited by Dacapo and endoreplication can 
occur, switching the cell from the oocyte cell cycle to the nurse cell cycle.  
We next examined the growth of the oocyte and the integrity of the oocyte’s 
nuclear membrane using phalloidin and an antibody against nuclear Lamin. Phalloidin 
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stains actin and marks the ring canals surrounding the oocyte and the cell membranes. In 
wild-type the oocyte is located at the posterior of the egg chamber and can be identified 
as one of the cells having 4 ring canals. Additionally, the membrane surrounding the 
oocyte spreads out forming a fan shape (Fig 3.5 A’’, yellow arrow). 38-2 mutant 
chambers form an “oocyte” as identified by the cell with 4 ring canals, however when 
compared to the wild-type chamber, the oocyte is reduced in size and is positioned to one 
side of the egg chamber rather than at the posterior (Fig 3.5 A’’, white arrow). We next 
stained the 38-2 mutant ovaries with an antibody against the B-type nuclear Lamin Dm0, 
which localizes along the inner periphery of the nuclear envelope, to see if there were any 
changes to the oocyte’s nuclear membrane as the karyosome decondenses at stage 8. If 
this decondensed karyosome appearance was due to oocyte death, we would expect to see 
a degraded nuclear envelope and a loss of Lamin staining. In a healthy wild-type egg 
chamber B-type nuclear Lamin is highly expressed in the oocyte nucleus and appears as a 
bright ruffled ring, while nuclear Lamin staining in the nurse cells is much dimmer (Fig 
3.5 B’’, yellow arrow). Nuclear Lamin staining in the 38-2 mutant egg chambers shows a 
more rounded appearance rather than a ruffled appearance indicating that the nucleus 
may be enlarged. There also does not appear to be any degradation of the nuclear 
membrane (Fig 3.5 C-C’’ and D-D’’, white arrows). This supports the conclusion that the 
oocyte may be reverting back to a nurse cell.  
3.5 Nurse cell endoreplication may be delayed in 38-2 mutant egg chambers.  
In wildtype stage 6 egg chambers the nurse cells have a fully endoreplicated 
appearance (Fig 3.5 B, yellow arrowhead). In 38-2 mutant egg chambers the nurse cells 
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appear to have dark sections of DNA that look under-replicated (Fig 3.5 C, white 
arrowhead). However, by stage 8 the nurse cells in 38-2 mutant egg chambers appear to 
be endoreplicating their DNA normally (Fig 3.5 D, white arrowhead). This indicates that 
there may be a delay in endoreplication in the 38-2 mutant egg chambers. 
 
3.6 The microtubule network is underdeveloped in 38-2 mutant ovaries.  
Since the 38-2 mutant egg chambers have defects in microtubule based motor 
transport processes, we decided to examine the microtubule network to determine if there 
were any defects that could account for this phenotype. We used an antibody against α-
Tubulin to visualize the microtubule network. In a wild-type egg chamber at stage 5 the 
microtubule-organizing center is densely packed and co-localizes with Orb at the 
posterior of the oocyte (Fig 3.6 A-A’’, yellow arrows). 38-2 mutant egg chambers at 
stage 5 show very little microtubule development and have a small oocyte with punctate 
Orb (Fig 3.6 B-B’’, white arrows). In a wild-type egg chamber at stage 6 the microtubule 
network has further developed and contains dense branches stretching through the ring 
canals (Fig 3.6 C-C’’, yellow arrows). 38-2 mutant egg chambers at stage 6 show a circle 
of microtubules tightly surrounding the small oocyte with very little Orb localization and 
a decondensed/endoreplicated karyosome (Fig 3.6 D-D’’, white arrows). This indicates 
that the microtubule network may not be fully developed or polarized in 38-2 mutant egg 
chambers. 
 
	  	  
62 
3.7 The 38-2 mutation is in the Cchl gene.  
The 38-2 mutation was induced on the right arm of the third chromosome using 
EMS. To identify the gene mutated in the 38-2 fly line we used deficiency (Df) mapping 
and complementation testing. Using overlapping deficiencies uncovering the right arm of 
the third chromosome, the 38-2 mutation was found to lie in a region between cytological 
position 94A1 and 94A2 (See methods Fig. 2.1). This region is 140 kilobases long and 
contains 19 genes. Eight of these genes had mutant lines available and we used these 
mutant lines in complementation tests with 38-2 mutant flies. A fly line expressing a 
mutant form of the nuclear encoded mitochondrial protein Cytochrome c heme lyase 
(Cchl) failed to complement the lethality associated with the 38-2 allele. We sequenced 
the Cchl gene using DNA isolated from 38-2 mutant embryos and found a Proline to 
Leucine change at aa 116 in the catalytic domain of Cchl (Fig 3.7, red L). This mutation 
exists in a region that is highly conserved between flies, mice, and humans. To confirm 
that the mutation in Cchl is responsible for the 38-2 mutant phenotype, we examined the 
mutant phenotype of two additional alleles of Cchl (CchlJV56 and CchlJV32) by IHC using 
antibodies against the oocyte specific marker Orb and DAPI, which stains DNA (Fig 3.7). 
The CchlJV56 allele had a mutation that created a premature stop codon and the CchlJV32 
allele had a mutation that caused splicing defects. Both Cchl alleles had a similar cell 
polarity phenotype to 38-2, however CchlJV56 had a stronger more consistent phenotype 
than CchlJV32. This demonstrated that the mutation in Cchl is responsible for the 38-2 
mutant phenotype (Fig. 3.8).  
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3.8 The mitochondria enter the oocyte properly in Cchl mutants.  
Since Cchl is a mitochondrial protein, we next examined mitochondrial 
localization in Cchl mutant germline clones to determine if there were any defects. It is 
known that in wild-type germaria, mitochondria attach to motor complexes and move 
through the cyst cytoplasm to the oocyte along microtubules forming Balbiani bodies or 
mitochondrial clouds. This indicates that mitochondria are important for oocyte 
development, however their role in oogenesis is unknown. To determine if mitochondria 
localize properly in Cchl mutant egg chambers an antibody against ATP-Synthase 
(complex V) was used to visualize the mitochondria and Orb was used to mark the 
oocyte. In the Cchl mutant egg chambers, as in wild-type, mitochondria localize to the 
oocyte and accumulate at the ring canals around the oocyte in region 2B and then enter 
the oocyte at stage 1 (Fig 3.9 A’-A’’’ and B’-B’’’). This indicates that early 
mitochondrial transport is not defective in Cchl mutant egg chambers. 
 
3.9 Electron transport chain mutant egg chambers have similar phenotypes to 
Cchl mutant egg chambers.  
Cchl is known to function in the electron transport chain. To determine if the 
mutant Cchl cell polarity phenotype can be attributed to defects in electron transport or 
ATP production we examined mutant alleles of other genes known to function in the 
electron transport chain. We used IHC to examine the ovarian phenotype of flies with 
mutations in four proteins that function in the electron transport chain: pdsw (complex I), 
Coenzyme Q biosynthesis protein 2 (Coq2) (complex III), Cytochrome c oxidase subunit 
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Va (CoVa) (complex IV), and ATP synthase subunit δ (ATP-Sδ) (complex V) (Fig 3.10). 
Our results indicate that CoVa and ATP-Sδ mutant egg chambers have similar phenotypes 
as Cchl egg chambers with punctate Orb localization dispersed across the posterior of the 
egg chamber (Fig 3.11 B, C, D, E, white arrows) and fragmented or decondensed 
karyosomes at stage 8 (Fig 3.11 B, C, D, E white arrow, inset). Coq2 mutants have a less 
severe phenotype with punctate Orb localization concentrated near the oocyte nucleus 
and some egg chambers do not have decondensed karyosomes (Fig 3.11 F white arrow, 
inset). Pdsw mutants have the least similar phenotype to the Cchl alleles with only a 
reduced amount of Orb localization but a decondensed karyosome at stage 8 (Fig 3.11 G 
white arrow, inset). Overall, in each of the mutants, Orb localization has been altered and 
cell polarity is defective. We characterized each mutant by how they affect Orb 
localization within the oocyte and divided the phenotypes into 5 categories of 
localization: lost, punctate, mislocalized (not only at the posterior), reduced, and wild-
type (Fig 3.12 A). Based on these criteria Cchl38-2, ATP-Sδ and Coq2 all primarily show 
punctate Orb localization with ~60% of the egg chambers exhibiting punctate 
localization. While the dominant phenotypes of pdsw are either mislocalized (~45%) or 
reduced (~27%) Orb localization. We also scored each mutant using three other 
characteristics: karyosome structure, oocyte size, and nurse cell DNA appearance (Fig 
3.12 B). Cchl38-2(100%), ATP-Sδ (100%) and CoVa (80%) all had a large amount of egg 
chambers with decondensed karyosomes. However, pdsw (25%) and Coq2 (64%) did not 
have as strong of a decondensed karyosome phenotype. Overall every allele appeared to 
have a small oocyte phenotype with Cchl38-2 mutant egg chambers having the strongest at 
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(~83%). All the alleles also had under-replicated nurse cell nuclei with Cchl38-2, ATP-Sδ 
and Coq2 having ~70-80% of egg chambers exhibiting the phenotype and CoVa and 
Pdsw having ~50%. Based on our findings, it appears that Cchl mutant egg chambers are 
most similar to the mutants that directly effect ATP production, CoVa and ATP-Sδ. This 
indicates that the Cchl phenotype we have characterized may be caused by a deficiency in 
ATP levels. However, since all four mutant alleles of mitochondrial proteins functioning 
in the electron transport chain had defects in cell polarity, this suggests that Cchl’s 
function in the electron transport chain and overall mitochondrial function is responsible 
for maintaining oocyte polarity.  
 
3.10 Discussion  
This study reveals a new role for mitochondria during the establishment and 
maintenance of oocyte cell polarity in Drosophila. It is known that mitochondrial 
function is essential for the growth and development of an organism, however most 
research has focused on the role of mitochondria in controlling cellular respiration, ATP 
production and apoptosis. We demonstrate that Cchl, a mitochondrial protein that 
functions in the electron transport chain, plays a role in oocyte polarity, cell cycle 
regulation, and oocyte cell fate maintenance. Cchl38-2 mutant egg chambers have small 
oocytes that fail to maintain cell polarity and dynein mediated transport. We also found 
that Cchl38-2 mutant egg chambers have underdeveloped microtubule networks, and there 
is a delay in the translocation of the oocyte factors from the anterior to the posterior of 
the oocyte, during stage 1 of oogenesis. The oocyte cell cycle is also disrupted in Cchl38-2 
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mutant egg chambers. Cchl38-2 oocytes exit meiosis and have decondensed karyosomes 
with reduced Dacapo levels indicating that the oocyte has entered into the nurse cell 
cycle. This is the first mitochondrial protein to be implicated in Drosophila oocyte 
development. 
Mitochondria are known to be core regulators of reactive oxygen species (ROS) 
production as well as ATP production, and calcium signaling. Studies have shown that 
signaling from the mitochondria can control the mitotic cell cycle. Research in the 
Drosophila eye disc has demonstrated that mutations in the mitochondrial electron 
transport chain can cause cell cycle arrest (Liao et al., 2006). This cell cycle arrest can be 
caused by the activation of two different pathways, depending on where the mutation is 
in the electron transport chain, and whether the mutation disrupts ATP production or 
reactive oxygen species (ROS) generation (Mandal et al., 2005; Owusu-Ansah et al., 
2008). The electron transport chain is made up of four electron-transporting complexes 
(I-IV) and one proton translocating complex (V). One study reported that mutations in 
complex I-III cause a block in electron transport and an increase in ROS, while mutations 
in complexes IV-V cause a reduction in ATP levels (Owusu-Ansah et al., 2008). Based 
on this study and the placement of Cchl function in between complex III and IV in the 
electron transport chain, mutant forms of Cchl may disrupt the regulation of ROS and/or 
ATP levels. However, in the Drosophila ovarian follicle cells, mutant alleles of Cchl do 
not show increased ROS production (Wang et al., 2012). This indicates that Cchl function 
may be necessary for ATP production only. 
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  Due to the fact that mitochondria are concentrated heavily within the oocyte 
during oogenesis and that mitochondria are a large source of ATP, which can serve as 
signaling molecules, it seems reasonable to speculate that ATP signaling may play a role 
in oocyte development. We examined the phenotype of mutant alleles of several proteins 
that function in the ETC: Pdsw (Complex 1), Coenzyme Q biosynthesis protein 2 (Coq2) 
(complex III), Cytochrome c oxidase subunit Va (CoVa) (complex IV), and ATP synthase 
subunit δ (ATPsyn-δ) (complex V). We found that the loss in Orb localization and oocyte 
polarity seen in Cchl mutant egg chambers was more similar to the loss of Orb in CoVa 
and ATPsyn-δ mutant egg chambers rather then Pdsw and Coq2. However, all of the 
mutant ovaries share a loss in polarity, defects in Orb localization, karyosome structure 
and oocyte growth. It is unknown if these mutant alleles are null alleles, and the 
differences seen in their phenotypic strength could be due to the nature of the mutation 
rather than the specific gene mutated. Since all four mutant alleles display similar defects 
in oocyte specification and development, this suggests that the Cchl mutant phenotype is 
most likely due to mitochondrial dysfunction and defects in the electron transport chain 
that lead to reduced levels of ATP. One role for mitochondria in oocyte development 
might be to maintain ATP levels, which in turn maintains the polarization of the oocyte. 
This may be a common mechanism for the maintenance of polarity in other polarized 
cells. Research with hepatocytes supports this hypothesis - studies have shown that 
oxidative phosphorylation is used to increase ATP levels during the polarization of 
hepatocytes and that the polarization is ATP dependent (Fu et al., 2013).  
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 A reduction in ATP levels could explain the underdeveloped microtubule 
networks seen in Cchl mutant oocytes. The polymerization of microtubules is dependent 
on large amounts of ATP (Zhang et al., 2006). It is known that in mouse oocytes 
microtubule formation is delayed when there is an ATP deficiency (Zeng et al., 2007). 
An underdeveloped microtubule network in Cchl mutants could then result in an 
inadequate distribution of mitochondria, since it is known that the microtubule network 
transports and mediates the localization of mitochondria (Cox and Spradling, 2006).   
Because Cchl is highly conserved across species and mitochondria are presumed 
to have a conserved role during oogenesis, future experiments could examine the function 
of Cchl in mammals. A mouse knockout is available for HCCS, which is the mouse 
ortholog of Cchl. The mouse model could be examined to see if there is a similar 
phenotype and determine if HCCS plays a similar role in mammalian oogenesis. Since 
the mechanism for mitochondrial transport to the oocyte is conserved in many species it 
can be predicted that mitochondria function in similar ways during oogenesis. It can also 
be predicted that Cchl functions in a similar way across species due to its highly 
conserved catalytic domain. Research has shown that mutations in the Inner 
mitochondrial membrane peptidase 2-like gene (Immp2l) cause female mice to be 
infertile and have increased superoxide and ATP levels (Lu et al., 2008). Several other 
studies in humans have found a connection between Perrault Syndrome and 
mitochondrial genes such as, mutations in the human mitochondrial histidyl tRNA 
synthestase gene have been shown to cause ovarian dysgenesis, and mutations in LARS2, 
encoding mitochondrial leucyl-tRNA synthetase are tied to premature ovarian failure 
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(Pierce et al., 2011; Pierce et al., 2013). Another study also showed that mutations in 
CLPP, encoding a mitochondrial ATP-dependent chambered protease lead to ovarian 
failure (Jenkinson et al., 2013). Our study identifies a new role for mitochondria 
specifically in oocyte development, and future studies could lead to a better 
understanding of the mechanism behind mitochondrial function during ovarian 
development.   
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Figure 3.1 Oocyte fate is not maintained in 38-2 mutant ovaries. 
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A-B) Immunohistochemistry of a wild-type ovariole showing the germarial region (A) 
and later stage egg chambers (B) stained with α-Orb (red), which marks the oocyte and 
DAPI (blue) marking DNA. In all panels α-GFP is used to identify mutant egg chambers. 
A lack of GFP staining indicates a mutant egg chamber. A) In wild-type Orb as well as 
other oocyte specific proteins such as Egl and Dhc (not shown) localizes to the anterior of 
the oocyte starting in region 2B of the germarium. At stage 1 these proteins translocate to 
the oocyte posterior as the chambers bud off from the germarium and remain associated 
with the oocyte throughout the rest of oogenesis (B). C-C’’’) In 38-2 mutant egg 
chambers Egl (red) and Dhc (blue) initially localize to the oocyte anterior as in wild-type. 
D-D’’’) However, in later stage chambers (stage 2-3) Egl and Dhc still remain at the 
anterior. E-E” and F-F”) Eventually Orb becomes punctate within the chamber and is 
often lost. These chambers arrest development at ~ stage 8. Occasionally a delay in 
localization to one of the two pro-oocytes is seen (F’).  	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Figure 3.2 38-2 mutant ovaries fail to maintain meiotic arrest. 
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A-E) All ovaries were stained with α-GFP (green), α-C(3)G (red) which is a member of 
the synaptonemal complex, and α-Orb (blue). A-A’) In wild-type germaria, C(3)G 
initially localizes to several cells within the cyst going through meiosis and gradually gets 
restricted to the oocyte as it accumulates oocyte specific factors (A, outlined). When 
oocyte determination is complete, the cell fated to become the oocyte stays in meiotic 
arrest while the other cells exit meiosis. B-B’’’) 38-2 mutant egg chambers in region 2A. 
C(3)G is localized to several cells as seen in wild-type (B-B’, outline). C-C’’’) 38-2 
mutant egg chambers in region 2B have wild-type restriction of C(3)G to the two pro-
oocytes (C-C’, outlined).  Orb staining is also normal and is restricted down to the two 
pro-oocytes. D-D’’’) However, stage 2 mutant egg chambers show a delay in C(3)G 
restriction from the two pro-oocytes down to the single cell fated to be the oocyte (D-D’, 
outlined). Orb localization is also seen in both cells positive for C(3)G (D’’-D’’’, white 
arrow). E) Later stage mutant chambers show a loss of C(3)G localization, indicating that 
meiotic arrest is not maintained (E, yellow arrow = wild-type, white arrow = mutant).  	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Figure 3.3 Orb restriction is delayed in 38-2 mutant egg chambers 
 
Wild-type and 38-2 mutant egg chambers from stage 2 to stage 4 were scored for a loss in 
Orb localization, localization in one cell, or two cells. 37.5% of 38-2 mutant egg 
chambers in stage 2 through 4 had two cells with Orb localization.  	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Figure 3.4 The oocyte cell cycle is altered in 38-2 mutant ovaries. 
 
 
A-B’’’) Ovaries were stained with α-GFP (green), α-Dacapo (Dap, red) which is a cell 
cycle regulator, DAPI (cyan), and α-Orb (blue). A-A’’’) In wild-type egg chambers after 
the oocyte has been specified, the DNA forms a condensed ball called the karyosome (A, 
yellow arrow, inset). Dacapo is continuously expressed at high levels within the oocyte to 
inhibit cell cycle progression (A’’, yellow arrow) and oscillates in nurse cells to turn 
endoreplication on and off (A’’, yellow arrowhead). B-B’’’) In stage 6 38-2 mutant egg 
chambers the karyosome is decondensed or fragmented (B, white arrow, inset), Orb 
localization is lost, and Dacapo levels are reduced in the oocyte (B’’, white arrow) but 
still oscillate in the nurse cells (B’’, white arrowhead), indicating that the cell cycle has 
been altered in the oocyte.  	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Figure 3.5 Oocyte growth is slowed and takes on a nurse cell appearance as 
development proceeds. 
 
 
A-A’’’) Ovaries were stained with α-GFP (green), α−Orb (blue), and phalloidin (red) 
marking actin. In a wild type egg chamber at stage 7 of oogenesis, the oocyte takes up 
most of the posterior position of the egg chamber (A-A’’, yellow arrows). However, 38-2 
mutant egg chambers have a small oocyte set to one side of the egg chamber (A-A’’, 
white arrows). B-D”’) Ovaries were stained with α−Orb (blue), Lamin (red) to mark the 
nuclear envelope, and DAPI. B-B’’’) Wild-type egg chambers have dense Lamin 
localization to the oocyte nuclear membrane with a condensed karyosome (B-B’, yellow 
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arrow) and endoreplicated nurse cell nuclei (B, yellow arrowhead). C-C’’’) Stage 6 38-2 
mutant egg chambers with more endoreplicated oocyte DNA, show a slightly enlarged 
nuclear membrane, resembling a more nurse cell-like state (C-C’’, white arrows). 
However, the nurse cells have a reduced amount of endoreplication and have a clumpy 
appearance (C, white arrowhead). D-D’’’) Stage 8 38-2 mutant egg chambers with a 
more fragmented, condensed karysome have a wild-type nuclear membrane. Stage 8 egg 
chambers also appear to have nurse cells with wild-type levels of endoreplication, 
indicating that there is a delay in nurse cell endoreplication (D, white arrowhead). 	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Figure 3.6 38-2 mutant ovaries have under developed microtubule networks. 
 
A-D’’) Ovaries were stained with α-βgal (red) to identify mutant egg chambers; an 
absence of staining indicates a mutant chamber, α-α-Tubulin (green), which marks the 
microtubule network, DAPI (cyan), and α-Orb (blue). A-A’’) As oogenesis progresses in 
wildtype egg chambers, a dense microtubule network develops within the oocyte. The 
microtubule-organizing center (MTOC) moves from the anterior of the oocyte to the 
posterior with Orb at stage 1. C-C’’) Stage 6 egg chambers have a dense webbing 
spreading across the oocyte posterior with extensions through the ring canals (A-A’’ and 
C-C’’, yellow arrows). B-B’’ and D-D’’) Stage 5 and 6 mutant egg chambers have a 
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small oocyte with an underdeveloped network of microtubules forming a tight ring 
around the oocyte (white arrows).   
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Figure 3.7 38-2 contains a mutation in the gene encoding Cytochrome c heme lyase. 
 
Schematic of the CCHL protein, with indicated amino acid changes. The 38-2 mutation 
results in a C > T transition at amino acid 116 in the catalytic domain of CCHL, which 
converts a Proline to a Leucine (red L). This mutation exists in a region that is highly 
conserved between fly and mouse. Blue letters indicate amino acids that are not 
conserved between the two species. Two mutant alleles of Cchl were obtained, JV56 has 
a C > T transition that results in the formation of a premature stop codon at amino acid 65 
(indicated by *) and JV32 harbors a G > A transition at the first and last base pair of 
intron 2, resulting in a splicing defect and the addition of 19 amino acids between amino 
acid 197 and 198.  
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Figure 3.8 CchlJV32 and CchlJV56 have a similar phenotype to Cchl38-2. 
 
A-C) Ovaries from CchlJV32, CchlJV56 and Cchl38-2 were stained with α-GFP to mark the 
wild-type tissue, α-Orb to mark the oocyte and DAPI to mark the DNA. All three alleles 
show a loss in Orb localization, a loss in oocyte identity, and a reduced egg chamber size. 
The wild-type egg chambers are marked by yellow arrows, and mutant chambers are 
marked by white arrows.    	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Figure 3.9 Mitochondria localize to the oocyte in Cchl mutants.
 
A-A’’’) Wildtype and B-B’’’) Cchl38-2 mutant chambers in region 2B stained with α-GFP 
(green), α-ATP-S (red) which labels mitochondria, and α-Orb (blue) marking the oocyte. 
In wild-type germaria mitochondria attach to motor complexes and move through the cyst 
cytoplasm along microtubules forming Balbiani bodies or mitochondrial clouds. These 
Balbiani bodies cluster around the oocyte nucleus in germarial region 2B and then enter 
the oocyte by stage 1(A’, white arrow). The mutant phenotype shows wild-type 
localization of both mitochondria and Orb within region 2B (outlined) (B’ and B’’, white 
arrows). 	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Figure 3.10 The Electron Transport Chain 
 
Schematic of the Electron Transport Chain (ETC) showing the four mitochondrial 
proteins that were examined using mutant alleles, along with CCHL (pink). Adapted 
from Liu and Schubert, 2009  	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Figure 3.11 Mitochondrial function is necessary to maintain oocyte identity. 
 
A-G) Ovaries stained with Orb (red) to mark the oocyte and DAPI in blue. A) Wildtype 
stage 8 egg chambers have a condensed karyosome, within the oocyte nucleus, and Orb 
localization at the posterior of the oocyte, which spreads out as the oocyte matures (white 
arrow, inset). D and E) At stage 8, CoVa (complex IV) and ATP-S (complex V) mutant 
egg chambers have punctate Orb localization and fragmented karyosomes (white arrows, 
insets), similar to Cchl (B and C, white arrows). F and G) However, COQ2 (complex 
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II) and Pdsw (complex I) have a weaker phenotype that is characterized by a reduced 
amount of Orb localization to the oocyte. 	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Figure 3.12 Cchl mutant egg chambers demonstrate a phenotype most similar to the 
ATP-S mutant phenotype  
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A) The phenotype of Cchl38-2 was compared to the other electron transport chain mutants 
by quantifying the localization of Orb within the oocyte of egg chambers between stage 
5-8. B) Oocyte size, karyosome condensation, and nurse cell DNA endoreplication were 
also scored for each mutant line. All four mutants produce stage 5-8 egg chambers with 
defective Orb localization, reduced size, a small oocyte and decondensed karyosomes. 
This indicates that all four mutants have defects in maintaining oocyte identity. Between 
10-30 egg chambers were counted for each condition. 
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CHAPTER 4 
Polarization of the Epithelial Layer and Apical Localization of the Integrin 
Heterodimer, αPS3βPS, are required to Promote Engulfment (Portions	  of	  this	  chapter	  were	  performed	  by	  Tracy	  Meehan)	  
	  	  
4.1 Introduction  
Phagocytosis can be performed by both professional phagocytes, such as 
macrophages, and non-professional phagocytes, such as epithelial cells. One example of 
an epithelium that is required for engulfment is the retinal pigment epithelium (RPE) in 
mammals, which engulf photoreceptor outer segments via their apical surface (Kevany 
and Palczewski, 2010). The RPE cells are highly polarized throughout development and 
engulfment (Marmorstein, 2001). In RPE cells the integrin heterodimer receptor ανβ5 
associated with phagocytosis is apically localized (Finnemann et al., 1997; Nandrot et al., 
2008), despite basal localization of integrins in most cells. This suggests that heterodimer 
localization may be important for function and that cell polarity may be required for the 
localization of receptors in engulfing cells.  
Interestingly, the epithelial follicle cells in the Drosophila ovary are also highly 
polarized (Tanentzapf et al., 2000; Morais-de-Sa et al., 2010; Fletcher et al., 2012) and 
engulf apoptotic debris via their apical side (Giorgi and Deri, 1976; Mazzalupo and 
Cooley, 2006; Tanner et al., 2011; Etchegaray et al., 2012). In the Drosophila ovary the 
epithelial follicle cells are defined by apico-basal polarity. This polarity is established and 
regulated by the localization of two complexes on the apical membrane: the PAR 
complex consisting of atypical protein kinase C (aPKC), Par-6, and Bazooka (Baz), and 
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the Crumbs complex consisting of Crumbs (Crb), Stardust (Std), PATJ, and Lin7 (Bilder 
et al, 2003; Tanentzapf and Tepass, 2003; Harris and Tepass, 2008; Franz and 
Riechmann, 2010). The Drosophila ovary serves as a model of inducible engulfment by 
epithelial cells, which can provide insight into the induction of a phagocytic state in non-
professional phagocytes (Thomson et al., 2010; Thomson and Johnson, 2010; Tanner et 
al., 2011; Etchegaray et al., 2012; Pritchett and McCall, 2012). It is known that both RPE 
cells and ovarian follicle cells require polarization to function; however, it is not known if 
cell polarity is required for these cells to become non-professional phagocytes and engulf 
material from dying cells.  
Here we demonstrate that polarization of the epithelial follicle cells is required for 
the engulfment of dying germ cells. We show that the integrin heterodimer αPS3/βPS is 
apically enriched during engulfment, and this localization is required for engulfment. 
When cell polarity is disrupted in the follicle cells, the integrin heterodimer is mis-
localized, showing that polarization is needed for αPS3/βPS trafficking. Moreover, our 
findings suggest evolutionarily conserved engulfment mechanisms between the polarized 
epithelia of the Drosophila ovary and mammalian tissues. 
 
4.2 The maintenance of a polarized epithelium is required for engulfment 
Starvation-induced cell death in the Drosophila ovary is characterized by five 
phases of death defined by the progressive condensation and fragmentation of apoptotic 
germline-derived nurse cell nuclei (Etchegaray et al., 2012). Few hemocytes circulate 
within the ovary and engulfment of germline debris is carried out by adjacent epithelial 
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follicle cells (FCs). The follicle cell layer is highly polarized with an apical domain and a 
basolateral domain. This polarization can be visualized using antibodies against aPKC, 
one of the factors that determines the apical domain of the FCs, Dlg which localizes to 
the lateral sides, and a Viking-GFP reporter that marks the collagen on the basal side 
(Fig. 4.1 A). Given that the engulfment of germline material occurs on the apical surface 
of the follicle cells, we hypothesized that cell polarity would be essential for proper 
engulfment to occur. In starvation induced dying egg chambers, aPKC localization was 
maintained throughout engulfment (Fig. 4.1 B), suggesting that FC apical polarization is 
needed.  
To determine if cell polarity is lost when engulfment is inhibited, we examined 
egg chambers expressing draperdsRNA (Fig. 4.2). Draper is an engulfment receptor that is 
enriched on the apical side of follicle cells during engulfment, and when its expression is 
knocked down, egg chambers become engulfment-defective (Etchegaray et al., 2012). In 
egg chambers expressing draperdsRNA, aPKC localization was maintained in phase 3 
engulfment-defective egg chambers. However, aPKC was gradually lost between phase 4 
and phase 5 egg chambers compared to control egg chambers, but this was due to the 
death of the FCs (Fig. 4.2 A-F). This indicated that cell polarity was not disrupted when 
expression of the receptor Draper was knocked down. Ultimately, this shows that 
signaling from the Draper receptor during engulfment is not needed for the maintenance 
of apical polarity. 
To determine if FC polarity was required for the engulfment of germline material, 
we performed FC-specific knockdowns of several apical factors that regulate cell 
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polarity: aPKC, baz, par-6, and crb (Fig. 4.3 A-O). We used the follicle cell specific 
driver GR1-GAL4 that is expressed after phase 3 of oogenesis, so that proper polarity 
would be established in the follicular epithelium in early oogenesis, and polarity would 
only be disrupted in mid-oogenesis. When each knockdown line was well-fed, flies 
produced healthy stage 10 egg chambers with normal yolk deposition showing that 
oogenesis was not grossly affected. However, when the lines were starved to induce cell 
death, some defects were seen. aPKCdsRNA, bazdsRNA, and par-6dsRNA healthy egg chambers 
showed a reduced amount of aPKC localization and some egg chambers had a few gaps 
between FCs, but otherwise developed normally (Fig. 4.3 G, J, arrows). A premature 
migration defect was also observed in par-6dsRNA healthy egg chambers (starved or well-
fed) where FCs at the anterior migrated towards the posterior in a stage 8 egg chamber, 
forming a double layer (Fig. 4.3 J, arrowhead). crbdsRNA healthy egg chambers showed 
normal aPKC localization with no developmental defects (Fig. 4.3 M).  
In degenerating egg chambers, however, defective engulfment was observed in 
knockdowns of all of these apical factors (aPKC, baz, par-6, and crb, Fig. 4.3 E-O).  
Phase 3 dying egg chambers from aPKCdsRNA, bazdsRNA, par-6dsRNA and crbdsRNA lines 
showed reduced or mis-localized aPKC and defective FC enlargement (Fig. 4.3 E, H, K, 
N, arrows). Egg chambers expressing aPKCdsRNA had a reduced amount of aPKC at the 
posterior of the egg chambers showing that the knockdown of aPKC worked. bazdsRNA 
phase 3 egg chambers showed aPKC mis-localization within the cytoplasm of the FCs, 
also near the posterior of the egg chamber, and crbdsRNA phase 3 egg chambers showed 
reduced aPKC localization on the anterior FCs showing a loss in cell polarity. In each 
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knockdown line, the FCs that maintained any apical aPKC localization were able to 
enlarge. This demonstrates that aPKC is necessary for both the polarization of the FCs 
and the enlargement of the FCs during engulfment. All phase 5 egg chambers from each 
knockdown line showed a loss in aPKC localization, a loss in FCs, and large amounts of 
germline material remaining (Fig. 4.3 F, I, L, O). This indicates that the knockdown of 
any one of the apical factors (aPKC, baz, par-6, or crb) results in defective engulfment. 
Loss of aPKC or crb resulted in the strongest and most consistent engulfment-defective 
phenotype, so we analyzed these mutants further. In order to more accurately characterize 
the engulfment defects seen in the mutants, we quantified the percentage of unengulfed 
germline using membrane markers, such as Dlg. We then used ImageJ to measure the 
area of the unengulfed germline material and compared it to the area of the total egg 
chamber in a ratio (Fig 4.4 A) (Etchegaray et al., 2012). As another measurement of 
engulfment, we used an antibody raised against cleaved caspase Dcp-1 which marks the 
germline of dying egg chambers and engulfed vesicles (Sarkissian et al., 2014). We used 
this antibody to specifically count the discrete number of engulfed phagosomes within the 
follicle cells (Fig. 4.4 B).  A loss of aPKC or crb showed strong defects in the percentage 
of unengulfed germline and the number of engulfed vesicles (Fig. 4.4 A-B).  
We also knocked down Par-1, Dynein, and Kinesin in the follicle cells to 
determine if basal polarity and molecular transport are required during engulfment. Par-1 
localizes at the basal side of the FCs and stabilizes the microtubule network by capping 
the plus ends of the microtubules (Doerflinger et al., 2003). Dynein and Kinesin are the 
two molecular motors that have been shown to maintain cell polarity (Fig. 4.5 A-L). Egg 
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chambers expressing par-1dsRNA showed a diffuse line of aPKC localization in healthy 
egg chambers, a loss of aPKC localization and reduced FC enlargement in phase 3, and a 
loss of FCs by phase 5 with a large amount of germline material remaining (Fig 4.5 D-F). 
Absence of the Dynein heavy chain, Dhc64C, led to engulfment defects, but only after 
phase 3 (Fig. 4.5 G-I). Phase 5 egg chambers showed a loss in FCs, resulting in a large 
amount of lingering germline material. The Kinesin heavy chain (Khc) knockdown did 
not show engulfment defects and had phase 5 egg chambers with proper FC enlargement 
and clearance of germline material (Fig. 4.5 J-L). We verified the knockdowns using 
antibody staining and found that both were strong, yet incomplete knockdowns (Fig. 4.6 
A-H’).  Since Dynein moves along the microtubules towards the apical side of the follicle 
cells and Kinesin moves in the opposite direction toward the basal side (Horne-
Badovinac and Bilder, 2008), this shows that apical molecular transport is important for 
engulfment.  
Overall, the dsRNA knockdown screen consisted of 10 different dsRNA lines of 
known cell polarity genes. Engulfment defects were observed in 7 of the lines screened 
and these lines all knocked down the expression of apical markers (aPKC, Baz, Crb, Par-
6), the apical transporting molecular motor (Dynein), or a basal localized microtubule 
stabilizing protein Par -1 (Table 4.1). Taken together, these findings show that apical–
basal FC polarity establishment and maintenance is required for engulfment to occur 
properly in epithelial cells, identifying a previously undescribed role for cell polarity. To 
determine the function of cell polarity in the engulfment process we next looked at the 
localization of the known engulfment receptors. 
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4.3 The integrin subunits, αPS3 and βPS, become apically enriched in 
engulfing follicle cells 
Previously, the receptor Draper has been shown to be required for engulfment 
(Etchegaray et al., 2012). Draper was found to be asymmetrically enriched on the apical 
membrane of follicle cells during engulfment. When Draper was knocked down by 
expressing draperdsRNA in the follicle cells of dying egg chambers, engulfment was 
defective. Phase 3 dying egg chambers showed no follicle cell enlargement and no uptake 
of the germline material. Phase 5 egg chambers showed a large amount of lingering 
germline material and premature follicle cell death (Etchegaray et al., 2012). We 
examined the localization of Draper in the cell polarity knockdown lines to determine if 
its asymmetric localization required cell polarity. We found that the aPKC knockdown 
line had a strong defect in apical Draper enrichment within the FCs, compared to the 
other knockdown lines, which had little to no defects (Fig. 4.7 A-L). This may be due to 
the importance of aPKC as a signaling component without the remainder of the apical 
complex (Baz and Par-6)(Kim et al., 2009). Since there was no clear connection between 
apical polarity and the localization of Draper we looked for another engulfment receptor 
that might be affected when polarity is disrupted. 
In other systems, Draper and its orthologs work in parallel to other engulfment 
genes, including integrins (Nagaosa et al., 2011; Hsieh et al., 2012; Kim et al., 2012; 
Shiratsuchi et al., 2012). To investigate whether integrins participate during engulfment 
in the ovary, we analyzed the expression of integrin subunits during engulfment utilizing 
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previously made antibodies (Brower et al., 1984; Wada et al., 2007; Nagaosa et al., 
2011). It has previously been shown that αPS1, αPS2, and βPS are present throughout 
oogenesis, whereas αPS3, αPS4, and αPS5 become transcriptionally up-regulated during 
late oogenesis (Dinkins et al., 2008). We found that the expression pattern and intensity 
of αPS3 and βPS increased strikingly during engulfment. In healthy mid-stage (stages 7-
9) egg chambers, αPS3 was not detected on the FC membrane (Fig. 4.8 A’) and βPS was 
present on all surfaces (Dinkins et al., 2008) (Fig. 4.8 A’’). Both subunits increased 
specifically on the apical surface of follicle cells in very early dying, phase 1, egg 
chambers (Fig. 4.8 B’-B’’). We quantified the intensity of αPS3 and βPS throughout the 
cell (Fig. 4.9 A-F and Fig. 4.10 A-C) and found that the intensity of αPS3 increased more 
than 2-fold on the apical surface (Fig. 4.10 A) of phase 1 egg chambers, whereas there 
was only a 1.2-fold increase on the basal surface (Fig. 4.10 C). Both αPS3 and βPS 
continued to increase on the apical surface as engulfment proceeded, but also started to 
increase on the basal surface and within the cytoplasm to a lesser extent (Fig. 4.8 C’-C’’, 
D’-D’’ and Fig. 4.9 D-F). The colocalization of these two subunits suggests that αPS3 
and βPS form a heterodimer on the apical surface during engulfment. 	  
4.4 The integrin heterodimer, αPS3/βPS, is required specifically in the follicle 
cells during engulfment 
To determine whether αPS3 and βPS were required in the FCs for engulfment, we 
knocked down αPS3 and βPS using dsRNA and confirmed that there was effective 
knockdown using antibody staining (Fig. 4.11 D-I and Fig. 4.13 C-F’). We expressed 
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dsRNA against integrin subunits again using a GAL4 driver (GR1-GAL4) that begins to 
be expressed in mid-oogenesis, allowing for integrin expression and establishment of a 
normal follicular epithelium in early oogenesis. When well fed, loss of αPS3 and βPS in 
the follicle cells allowed for normal development of the egg chambers and only showed 
defects when starved. Loss of βPS resulted in round late stage egg chambers with short 
dorsal appendages, as previously shown (Bateman et al., 2001), but the chorion formed 
normally, indicating that FCs functioned normally under these conditions.  
 To visualize engulfment, flies expressing αPS3 and βPS dsRNA under the control 
of GR1-GAL4 were starved and ovaries were stained with cellular markers (Fig. 4.11) 
(Etchegaray et al., 2012; Sarkissian et al., 2014). While healthy egg chambers were 
normal (Fig. 4.11 A, D and G), loss of either subunit resulted in defective FC 
enlargement and engulfment compared to controls (Fig. 4.11 B-C, E-F, H-I). As 
previously described (Etchegaray et al., 2012), we quantified the percentage of 
unengulfed germline using membrane markers and we used an antibody against cleaved 
caspase Dcp-1 to visualize and count the number of engulfed phagosomes within the 
follicle cells (Sarkissian et al., 2014) (Fig. 4.11 A-I).  Healthy egg chambers did not label 
for cleaved Dcp-1 (Fig. 4.11 A, D, G), but control egg chambers showed vesicle uptake 
beginning in phase 1, which increased and plateaued by phase 3 (Fig. 4.12 B). However, 
the loss of draper, αPS3, or βPS resulted in strong engulfment defects when compared to 
controls (Fig. 4.12 B). By phase 4, draper mutants contained more vesicles than the 
integrin knockdowns, suggesting that integrins are required throughout engulfment, but 
draper may be particularly required for the initiation (phases 1 and 2) of engulfment. We 
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also found that draper was not required for enrichment of αPS3/βPS (Fig. 4.12 G-H’), 
and the integrin pathway was not required for enrichment of Draper or activation of the 
JNK pathway (Fig. 4.13 I-P) indicating that integrins function in a distinct pathway from 
Draper and JNK.  
	  
 
4.5 Cell polarization is required for asymmetric integrin localization during 
engulfment 
Since FC polarization and integrin localization are required for engulfment, we 
screened the cell polarity knockdown lines to see if they affected the apical enrichment of 
αPS3 and βPS compared to controls (Fig. 4.14 A-C).  We found that when cell polarity 
genes were disrupted there were increased levels of αPS3/βPS, but neither localized 
asymmetrically on the apical surface of the FCs (Fig. 4.14 D-O). Instead, αPS3/βPS had a 
variable and uneven localization to multiple surfaces and throughout the cytoplasm (Fig. 
4.15 A-C). This variability was seen between egg chambers and between cells within 
individual egg chambers (Fig. 4.16 A-F). When molecular transport was disrupted with 
the knockdown of Dhc64C, αPS3/βPS were also mis-localized (Fig. 4.14 P-R). This 
indicates that FC polarization promotes the asymmetric enrichment of the αPS3/βPS 
integrin heterodimer during engulfment. Without proper polarity, αPS3/βPS becomes 
mis-localized to all surfaces of the cell, suggesting that polarization sets up the 
directionality of integrin transport and that basal localization of αPS3 can inhibit 
engulfment. Within these egg chambers, when αPS3 was mis-localized or basally 
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localized, the FCs often did not enlarge or engulf. This can be seen in egg chambers that 
had follicle cells with wild-type αPS3 localization next to follicle cells with mutant αPS3 
localization. Only the FCs with normal apical enrichment enlarged (Fig. 4.14 zooms). 
This indicates that cell polarity genes may be necessary for the asymmetric localization 
of engulfment receptors during engulfment.  
4.6 Discussion 
Here we have investigated the role of cell polarity in the organization of follicle 
cells during the engulfment of dying germ cells. We show that a polarized epithelium is 
required for the asymmetric localization of the integrin heterodimer αPS3/ βPS and 
engulfment. We also show that the localization of another engulfment receptor, Draper, is 
disrupted when aPKC is not expressed. Taken together this suggests that polarization of 
the follicle cells is important for marking the apical membrane of engulfing cells, and the 
trafficking of engulfment receptors. We found that αPS3/βPS becomes specifically 
enriched on the apical surface during engulfment, which suggests that there may be 
similarities between epithelial FCs and other polarized epithelial layers which function as 
phagocytes. αPS3 and βPS are also required for engulfment in the FCs, which suggests 
that, like in mammals, the same α subunit functions in engulfment in both professional 
and non-professional phagocytes and can pair with multiple β subunits to do so. Cell 
polarity and integrin trafficking have been linked specifically at the leading edge in 
migratory cells (Long et al., 2013). Here we show that cell polarity and integrin 
activation is also required for apical αPS3/βPS trafficking and engulfment. To our 
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knowledge, this is the first evidence that βPS, aPKC, baz, par-6, crb, par-1, and Dhc64C, 
are required for engulfment. 
 We propose the following model (Fig. 4.17) for the role of cell polarity and 
integrin trafficking in engulfing cells: the apical factors aPKC, Baz, Par-6, and Crb 
polarize FCs by asymmetrically localizing to the apical membrane, Par-1 stabilizes the 
microtubules by capping the plus ends at the basal membrane of the FCs, Dlg localizes to 
the lateral membrane, and Dynein transports cargo apically to maintain polarity (Bilder et 
al, 2003; Tanentzapf and Tepass, 2003; Harris and Tepass, 2008; Franz and Riechmann, 
2010; Doerflinger et al, 2003; Horne-Badovinac & Bilder, 2008). This polarization is 
required for the trafficking of the integrin heterodimer αPS3/βPS, the enlargement of the 
FCs, and the engulfment and vesicle trafficking of germline material. The follicle cell 
receptor Draper also requires aPKC expression for its apical enrichment (Fig. 4.17).  
Cell polarization is often required for integrin localization in migratory cells 
(Thapa and Anderson, 2012; Thapa et al., 2012). Interestingly, migration in border cells 
and during dorsal closure requires much of the engulfment machinery (Dinkins et al., 
2008; Brock et al., 2012; Ellis et al., 2013), suggesting common molecular processes are 
shared between migration and engulfment. We found it striking that the same α subunit is 
required for both migration and engulfment: αPS3 in Drosophila and αν in mammals 
(Dinkins et al., 2008; Shiratsuchi et al., 2012; Nonaka et al., 2013; Law et al., 2015; 
Tsirmoula et al., 2015). So how are migration and engulfment tied together? Are the 
mechanisms shared in all migrating and engulfing cells, or only those cells that are 
already equipped to handle both processes? Epithelial cells are capable of either 
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migration or engulfment when appropriate. Integrins are known for their role in 
adherence, migration, and cancer cell invasion and regulation of their trafficking and 
function may play a crucial role in regulating cellular function. It is already known that 
turnover and regulation of integrin heterodimers determines the speed and direction of a 
migrating cell, and that if they are not properly regulated, integrins may contribute to 
cancer cell invasion (Morse et al., 2014). Migration genes are required for engulfment in 
professional phagocytes that migrate to the site of the dead cell, but our results suggest 
that the migration machinery may be integral to the engulfment process itself.  
Several types of epithelial cells are crucial for engulfment on a daily basis in 
organs such as the eye and bronchial tubes. Without proper clearance in these, and other, 
organs, debilitating conditions may develop. However, not much is known about how 
epithelial cells undergo the molecular changes necessary for engulfment. Thus far, we 
have identified two engulfment receptors, Draper and αPS3/βPS, and the downstream 
signaling components of the JNK pathway, as required for engulfment by the follicle 
cells. The Drosophila ovary may, therefore, serve as an excellent model for studying the 
pathways governing engulfment within epithelial cells. In addition, we have shown that 
integrins become induced specifically on the apical surface of the follicle cells, 
suggesting that the ovary also provides a valuable model for studying integrin trafficking 
and function within a polarized epithelium. 	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Figure 4.1 Cell polarity is maintained during engulfment. 
 
A-B Follicle cell (FC) polarity was visualized using antibodies against aPKC (red) to 
mark the apical side (A, yellow arrow), Vkg-GFP (green) to mark the basal side (A, 
yellow arrowhead), Dlg (blue) to mark the membrane, and DAPI (cyan) to mark the DNA 
of the FCs. (A) A healthy egg chamber with an inset showing a zoomed in region of the 
follicle cells. (B) A dying egg chamber showing aPKC localization maintained on the 
apical side of the FCs during engulfment (yellow arrow). 	  
Credit: Tracy Meehan 	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Figure 4.2 Cell polarity is not altered in the draper dsRNA knockdown. 
 
A-C Sibling control (UAS-draperdsRNA/ +; TM6B/+) and D-F draperdsRNA (UAS-
draperdsRNA/ +; GR1-GAL4 G89/+) expressing egg chambers were stained with antibodies 
against aPKC (red) to mark apical polarity, Dlg (blue) to mark the membrane, and DAPI 
(cyan) to label DNA. draperdsRNA egg chambers are marked by GFP-positive germline 
cytoplasm, due to the expression of a G89 GFP gene trap on the chromosome containing 
the GR1 follicle cell specific driver.  (A) Healthy control egg chamber showing aPKC 
localization on the apical side. (B-C) Dying control egg chambers showing that aPKC is 
maintained throughout engulfment. (D) A healthy egg chamber expressing draperdsRNA 
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only in the follicle cells, marked with germline cytoplasmic GFP, showing aPKC 
localization on the apical side. (E) A phase 3 draperdsRNA egg chamber showing defective 
enlargement and engulfment, however aPKC localization is maintained. (F) A late dying 
phase 5 draperdsRNA egg chamber showing FC death, a loss in aPKC localization, and a 
large amount of germline material remaining (yellow arrow). This indicates that these 
egg chambers are engulfment defective.  	  	    
	  	  
104 
Figure 4.3 Apical polarity is required for engulfment. 
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A-O Egg chambers from starved flies stained with DAPI (cyan), α-aPKC (yellow), and 
α-Dlg (red). A-C Healthy, phase 3 and phase 5 control (tub-Gal80/+; GRI-GAL4 
G89/UAS-eGFPdsRNA) egg chambers show FC enlargement and maintain apical 
localization of aPKC as engulfment progresses. D-F aPKCdsRNA (tub-Gal80/+; GRI-GAL4 
G89/UAS-aPKCdsRNA) healthy, phase 3 and phase 5 egg chambers show a reduced amount 
of aPKC localization, minimal FC enlargement and defective engulfment. G-I bazdsRNA 
(tub-Gal80/+; GRI-GAL4 G89/UAS-bazdsRNA) healthy, phase 3 and phase 5 egg chambers 
show a reduced amount of aPKC localization and defective engulfment. J-L par-6dsRNA 
(tub-Gal80/+; GRI-GAL4 G89/UAS-par-6dsRNA) healthy, phase 3 and phase 5 egg 
chambers show a loss in aPKC localization, no FC enlargement, and defective 
engulfment. Premature migration of FCs to the posterior of the egg chamber was seen in 
some healthy par-6 egg chambers (J, arrowhead). M-O crbdsRNA (tub-Gal80/+; GRI-
GAL4 G89/UAS-crbdsRNA) healthy, phase 3 and phase 5 egg chambers show normal aPKC 
localization initially, but as engulfment progresses, aPKC localization is lost and the egg 
chambers are engulfment defective.  	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Figure 4.4 aPKCdsRNA and crbdsRNA expressing egg chambers show strong engulfment 
defects. 
 
A Quantification of unengulfed germline for control (tub-Gal80/+; GRI-GAL4 G89/UAS-
eGFPdsRNA), aPKCdsRNA (tub-Gal80/+; GRI-GAL4 G89/UAS-aPKCdsRNA), and crbdsRNA 
(tub-Gal80/+; GRI-GAL4 G89/UAS-crbdsRNA) egg chambers. B Quantification of the 
number of Dcp-1-positive vesicles in phases 1-4 for control, aPKCdsRNA, and crbdsRNA egg 
chambers. Data information: Scale bars: 50 µm. All data are mean ± s.e.m. One-way 
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ANOVA and Bonferroni-Holm post-hoc tests were performed: *** – P<0.005, ** – 
P<0.01, * – P<0.05. Credit: Tracy Meehan   
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Figure 4.5 Basal polarity and molecular transport are required for engulfment. 
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A-L Egg chambers from starved flies stained with DAPI (cyan), α-aPKC (yellow), and α-
Dlg (red). A-C Healthy, phase 3 and phase 5 control (tub-Gal80/+; GRI-GAL4 G89/UAS-
eGFPdsRNA) egg chambers show FC enlargement and maintain apical localization of 
aPKC as engulfment progresses. D-F Egg chambers expressing par-1dsRNA show a 
reduction in aPKC localization in phase 3 egg chambers and a lost localization by phase 
5. These egg chambers are also engulfment defective. G-I Egg chambers expressing 
DhcdsRNA maintain aPKC localization in phase 3 egg chambers, however the localization 
is lost by phase 5 and egg chambers are engulfment defective. J-L Egg chambers 
expressing KhcdsRNA show normal aPKC localization and do not have engulfment defects.  
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Figure 4.6 dsRNA effectively knocks down Khc and Dhc64C.  
 
A-D’ Egg chambers stained with DAPI (cyan) and α-Khc (yellow). Khc is expressed in 
both the germline and follicle cells. A-B’ Healthy and phase 3 sibling control egg 
chambers show FC enlargement and Khc localization within the cytoplasm (white 
arrows) as engulfment progresses. C-D’ KhcdsRNA healthy and phase 3 egg chambers show 
a reduced amount of Khc in the FCs but not in the germline (C’, white arrow), normal FC 
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enlargement and no engulfment defects. A vesicle engulfed by the FCs can be seen 
clearly due to the lack of Khc in the FC cytoplasm (D’, arrowhead). E-H’ Egg chambers 
stained with DAPI (cyan) and α-Dhc (yellow). Dhc is expressed in both the germline and 
follicle cells. E-F’ Sibling control healthy and phase 3 egg chambers show cytoplasmic 
Dhc localization in the follicle cells (white arrows). G-H’ Egg chambers expressing 
Dhc64CdsRNA show minimal Dhc in healthy and phase 3 follicle cells (white arrows), and 
germline Dhc within vesicles (H’, arrowhead). These egg chambers have minimal FC 
enlargement and defective engulfment.  	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Table 4.1 The dsRNA knockdown screen. 
 
The dsRNA screen consisted of 10 different lines knocking down the expression of 10 
known cell polarity genes. 7 of the lines showed engulfment defects indicated by the (+) 
sign. Lines without a defect are indicated by the (-) sign. Late stage phenotypes are 
discussed in Appendix C. 	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Figure 4.7 Draper localization is defective in egg chambers expressing aPKCdsRNA.  
 
A-L Egg chambers from starved flies stained with DAPI (cyan) and α-Drpr (red). A-B 
Control (Gal80/+; GRI-GAL4 G89/UAS-eGFPdsRNA) healthy and phase 3 dying egg 
chambers show an apical enrichment of the engulfment receptor Draper as engulfment 
progresses. C-D aPKCdsRNA (tub-Gal80/+; GRI-GAL4 G89/UAS-aPKCdsRNA) healthy and 
phase 3 dying egg chambers show no apical localization of Draper. E-F bazdsRNA (tub-
Gal80/+; GRI-GAL4 G89/UAS-bazdsRNA) healthy and phase 3 dying egg chambers show 
no apparent defects in Draper localization. G-H par-6dsRNA (tub-Gal80/+; GRI-GAL4 
G89/UAS-par-6dsRNA) healthy and phase 3 dying egg chambers have a slight reduction in 
the apical localization of Draper. I-J crbdsRNA (tub-Gal80/+; GRI-GAL4 G89/UAS-
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crbdsRNA) healthy and phase 3 dying egg chambers show a slight reduction of the apical 
localization of Draper. K-L DhcdsRNA (tub-Gal80/+; GRI-GAL4 G89/UAS-DhcdsRNA) 
healthy and phase 3 dying egg chambers had no apparent defects in Draper localization. 	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Figure 4.8 The integrin heterodimer pair αPS3βPS is apically enriched on the 
follicle cells during engulfment.  
 
A-D Healthy and progressively dying wild-type (w1118) egg chambers from starved flies 
are labeled with DAPI (cyan), and antibodies against αPS3 (green) and βPS (magenta). 
Healthy (phase 0), 1, 3 and 5 egg chambers are shown. In healthy egg chambers, there is 
little to no αPS3 (A’), but low levels of βPS (A’’) on all surfaces of the follicle cells. (B) 
In phase 1 egg chambers, αPS3 (B’) and βPS (B’’) are enriched specifically on the apical 
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surface of the follicle cells. In phase 3 egg chambers, αPS3 (C’) and βPS (C’’) increase 
more on the apical surface, and start increasing on the lateral and basal surfaces as well.  
In phase 5 egg chambers, αPS3 (D’) and βPS (D’’) continue to increase on all surfaces of 
the follicle cells.  
 
Credit: Tracy Meehan 
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Figure 4.9 Quantification method for integrin enrichment. 
 
A-F Representative line plots taken from single cells from healthy and progressively 
dying wild-type egg chambers used to quantify the average amount of αPS3 and βPS in 
apical and basal regions, and in the cytoplasm. The length of the cell in microns is on the 
x-axis and integrin fold enrichment is on the y-axis.  
 
Credit: Tracy Meehan 
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Figure 4.10 Quantifications of integrin enrichment.  
 
A-C Quantification of αPS3 and βPS in the apical and basal regions, and within the 
cytoplasm (see Methods). (A) The amount of αPS3 and βPS in the apical region increases 
significantly in phase 1 egg chambers and continues to increase throughout engulfment. 
(B) The amount of αPS3 and βPS in the cytoplasm starts to noticeably increase in phase 2 
and continues increasing throughout engulfment. (C) The amount of αPS3 and βPS in the 
basal region also starts to noticeably increase in phase 2 and continues increasing 
throughout engulfment. Data information: Scale bars: 50 µm. All data are mean ± s.e.m. 
One-way ANOVA and Bonferroni-Holm post-hoc tests were performed: *** – P<0.005, 
** – P<0.01, * – P<0.05. 
Credit: Tracy Meehan  
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Figure 4.11 The integrin heterodimer pair αPS3βPS is required in the follicle cells 
for engulfment.  
 
A-I Egg chambers from starved flies are labeled with DAPI (cyan), cleaved α-Dcp-1 
(yellow), and α-Dlg (red) to visualize membranes. Cleaved α-Dcp-1 specifically marks 
the dying germline and the engulfed phagosomes (Sarkissian et al., 2014).  A-C Control 
(GR1-GAL4, G00089/TM6B) egg chambers show normal death and engulfment. (A) 
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Healthy egg chambers do not label with Dcp-1. (B) Phase 3 dying egg chamber shows 
several Dcp-1-positive vesicles (arrow) inside the follicle cells, indicating engulfment. 
(C) Phase 5 dying egg chamber shows little remaining germline, and few Dcp-1-positive 
vesicles still inside the follicle cells. D-F Egg chambers expressing αPS3dsRNA specifically 
in the follicle cells are normal when healthy (D) but have little to no vesicle formation in 
phase 3 (E). (F) Loss of αPS3 in the follicle cells results in lingering germline material in 
phase 5. G-I Egg chambers expressing βPSdsRNA specifically in the follicle cells are 
similar to loss of αPS3, with few vesicles (H) and culminating in lingering germline 
material (I).  
 
Credit: Tracy Meehan 
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Figure 4.12 Knocking down the integrin heterodimer pair αPS3βPS results in an 
increase in unengulfed germline material and a reduced number of vesicles.  
 
A. Quantification of unengulfed germline compared to draper-/- mutants. B. 
Quantification of the number of Dcp-1-positive vesicles per central slice in phases 1-4. 
Data information: Scale bars: 50 µm. All data are mean ± s.e.m. One-way ANOVA and 
Bonferroni-Holm post-hoc tests were performed: *** – P<0.005, ** – P<0.01, * – 
P<0.05.  
Credit: Tracy Meehan  
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Figure 4.13 Integrin knockdown egg chambers are not defective for the Draper/JNK 
pathway.  
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A-H Egg chambers from starved flies stained with DAPI (cyan), anti-αPS3 (green), and 
anti-βPS (magenta). A-B’ Control GR1-GAL4/UAS-luciferasedsRNA egg chambers show 
normal integrin enrichment on the follicle cells during engulfment. C-D’ Egg chambers 
expressing αPS3dsRNA have no detectable αPS3 and (D-D’) βPS does not become apically 
enriched during engulfment. E-F’ Egg chambers expressing βPSdsRNA have no detectable 
αPS3. G-H’ draper-/- egg chambers show normal integrin enrichment, but defective 
engulfment. I-L Egg chambers from starved flies stained with DAPI (cyan) and α-Draper 
(red). I-J Sibling control egg chambers show Draper enrichment on the follicle cells 
during engulfment. K-L Egg chambers expressing αPS3dsRNA have normal enrichment of 
Draper on the follicle cells. M-P Egg chambers from starved flies carrying a lacZ 
enhancer trap in puckered stained with DAPI (cyan) and anti-β-Gal. M-N GR1-GAL4 
puclacZ/TM3 egg chambers show an increase in puclacZ expression during engulfment. 
O-P Egg chambers expressing αPS3dsRNA show an increase in puclacZ expression during 
engulfment. 
 
Credit: Tracy Meehan 
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Figure 4.14 Cell polarity knockdown egg chambers are defective for integrin 
enrichment and engulfment.  
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A-R Egg chambers from starved flies stained with DAPI (cyan), anti-αPS3 (green), and 
anti-βPS (magenta). A-C Healthy, phase 3, and phase 5 control (tub-Gal80/+; GRI-GAL4 
G89/UAS-eGFPdsRNA) egg chambers show apical enrichment of αPS3/βPS as engulfment 
progresses. D-O Egg chambers expressing dsRNA against the apical determinants all 
show disrupted localization of αPS3. P-R Egg chambers expressing Dhc64CdsRNA show 
initial apical αPS3 enrichment (Q-Q’), which is later lost (R).  	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Figure 4.15 Integrins localize to all sides of the follicle cells in egg chambers 
expressing aPKCdsRNA or crbdsRNA.  
 
 
A-C Quantification of αPS3 in the apical and basal regions, and within the cytoplasm for 
control(tub-Gal80/+; GRI-GAL4 G89/UAS-eGFPdsRNA), aPKCdsRNA (tub-Gal80/+; GRI-
GAL4 G89/UAS-aPKCdsRNA), and crbdsRNA (tub-Gal80/+; GRI-GAL4 G89/UAS-crbdsRNA) 
egg chambers. The high temperature (29°C) may inhibit normal αPS3/βPS enrichment 
somewhat compared to 25°C (Fig. 4.9). Data information: Scale bars: 50 µm. All data are 
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mean ± s.e.m. One-way ANOVA and Bonferroni-Holm post-hoc tests were performed: 
*** – P<0.005, ** – P<0.01, * – P<0.05. 
Credit: Tracy Meehan   
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Figure 4.16 Integrin enrichment is variable between egg chambers and between 
cells. 
 
A-C Scatter plots showing the variability of integrin enrichment, between phase 3 egg 
chambers, on the apical surface, within the cytoplasm, and on the basal surface, for 
control (tub-Gal80/+; GRI-GAL4 G89/UAS-eGFPdsRNA), aPKCdsRNA (tub-Gal80/+; GRI-
GAL4 G89/UAS-aPKCdsRNA), and crbdsRNA  (tub-Gal80/+; GRI-GAL4 G89/UAS-
crbdsRNA)egg chambers. D-F Scatter plots showing the variability of integrin enrichment 
between cells within a representative phase 3 egg chamber, for control, aPKCdsRNA, and 
crbdsRNA egg chambers.  
 
Credit: Tracy Meehan 	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Figure 4.17 Schematic of the role of cell polarity in FCs and engulfment.  
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When PCD is induced in a stage 8 egg chamber, the FCs enlarge and engulf the germline 
material. 1) During engulfment, the polarization of the follicle cells can be seen by the 
presence of apical factors on the apical side, along with the asymmetric enrichment of 
Draper and the integrin heterodimer αPS3/βPS. 2) When any of the apical factors are 
removed, there is a reduction in FC enlargement and vesicle uptake. There is also a defect 
in the enrichment of the integrin heterodimer αPS3/βPS on the apical side of the FCs. 
Draper enrichment is also defective when aPKC expression is knocked down. 3) When 
the basal marker Par-1 (yellow) or the Dynein motor (orange) is removed, egg chambers 
are engulfment defective. Par-1 and Dynein could affect molecular transport and vesicle 
trafficking along the microtubules during engulfment. Integrin enrichment is also 
defective when Dynein expression is knocked down. 	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CHAPTER 5  
Discussion and future perspectives  
 This chapter will highlight the major findings presented in this thesis and 
summarize the conclusions that can be drawn from each project. It will also discuss the 
open questions that are not addressed in this work. Future perspectives for the research 
outline in this dissertation will also be explored. 
 
5.1 Summary of findings: The mitochondrial protein Cytochrome c heme 
lyase is necessary for the maintenance of oocyte cell polarity during 
Drosophila oogenesis  
 The establishment and maintenance of cell polarity is crucial for the specification 
of the oocyte during Drosophila oogenesis. Multiple processes work synchronously in 
order for cell polarity to be maintained within the oocyte. First, a primordial germ cell 
divides asymmetrically to create a cyst of 16 interconnected cells, all containing different 
amounts of cytoskeletal materials. Then oocyte-specific factors accumulate in one of the 
cells that has the most connections; this cell becomes the oocyte. At the same time 
several of the 16 cells in the cyst enter meiosis, but only the cell specified to be the 
oocyte remains in meiosis. The other cells are fated to become nurse cells; they exit 
meiosis and enter the endocycle to provide nutrients for the developing egg. An EMS 
mutagenesis screen identified a mutation in the mitochondrial protein Cytochrome c 
heme lyase (Cchl) that resulted in egg chambers with defective oocyte polarity and 
oocyte fate maintenance. Egg chambers mutant for Cchl lost the localization of proteins 
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that specified the oocyte and maintained oocyte cell polarity such as, Orb, Egl, and Dhc. 
There was also a delay in the translocation of oocyte specific factors from the anterior of 
the oocyte to the posterior at stage 1 of oogenesis. Egg chambers mutant for Cchl also 
showed a delay in meiotic restriction in the germarium and had oocytes that exited 
meiosis when polarity was lost between stage 4-8 of oogenesis. These mutant oocytes 
were small in size and had fragmented karyosomes, with decreased levels of the cell 
cycle inhibitor Dacapo, but an intact nuclear membrane. However, the nuclear membrane 
had an enlarged appearance characteristic of a nurse cell nuclear membrane. The 
microtubule network of these mutant oocytes was also under developed. Taken together 
these data suggests that Cchl mutant oocytes lose their identity and revert to a nurse cell 
fate.  
 Several other mitochondrial proteins that function in the electron transport chain 
(ATP-syn, CoVa, Coq2, and Pdsw) had similar phenotypes to Cchl mutant egg chambers, 
indicating that mitochondrial function and the function of the electron transport chain is 
needed for the establishment and maintenance of cell polarity. Before this research, 
mitochondrial proteins and mitochondrial function had not been associated with cell 
polarity in Drosophila. Since the electron transport chain is responsible for producing 
ATP, and cell polarization and microtubule polymerization both require large amounts of 
ATP, it follows that the phenotype observed in Cchl mutant egg chambers could be a 
result of an ATP deficiency (Fu et al., 2013). This suggests that mitochondrial function is 
required to provide the energy for polarization and that it might be a general mechanism 
for all polarized cells.  
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5.1.1 Open questions and future directions  
The first open question is: Does the phenotype shared between Cchl and the other 
proteins functioning in the electron transport chain result from decreased levels of ATP 
and/or general mitochondrial activity? Since the electron transport chain produces several 
products involved in second messenger signaling, such as ATP, reactive oxygen species 
(ROS) and calcium (Ca2+), any one of these second messengers could affect oocyte 
development. We attempted to address whether the phenotype was caused by increased 
ROS levels or decreased ATP levels, due to mitochondrial dysfunction, by examining 
mutant alleles of several different proteins working in the five complexes of the electron 
transport chain. However, all the mutant alleles from each protein complex had similar 
phenotypes whether they affected ROS production or ATP production. To more 
accurately determine if decreased levels of ATP production cause the phenotype and not 
increased levels of ROS or altered levels of Ca2+, mitochondrial activity could be 
analyzed. Mitochondria could be visualized and their abundance and localization during 
oogenesis could be determined and compared to wild-type using antibodies against ATP 
synthase (Complex V) and HSP60, a mitochondrial chaperone protein. Ovaries could 
then be co-labeled with an antibody against Orb, to mark the oocyte, and allow us to 
determine where the mitochondria are localizing in relation to the oocyte.  
To measure the respiratory activity of the mitochondria, the fluorescent dye 
Tetramethylrhodamine, ethyl ester (TMRE) could be used (Mitra et al., 2012). Active 
mitochondria will take up TMRE and fluoresce due to their negative charge, whereas 
inactive mitochondria will be devoid of dye. Mutant egg chambers would then be 
	  	  
134 
compared to wild-type and ATP synthase mutants to determine if there are differences. 
Second messenger signaling could also be examined in Cchl mutant ovaries by analyzing 
the levels of calcium and ROS generated during oogenesis. Mitochondrial calcium can be 
detected using the indicator Rhod-2 and cytoplasmic calcium can be measured using Fura 
2, which fluoresces when it comes into contact with Ca2+. These indicators will help 
determine if calcium uptake or release is inhibited in Cchl mutants (Owusu-Ansah et al., 
2008). ROS levels can be measured using Dihydroethidium (DHE), a dye that reacts with 
superoxide anions and forms a fluorescent product (Owusu-Ansah et al., 2008). 
Another open question is: Does Cchl only localize with the mitochondria and the 
electron transport chain or does it localize else where in the Drosophila egg chamber? In 
other words, does Cchl exclusively function in the electron transport chain or dose it have 
an alternative function? Because there is no Drosophila Cchl antibody commercially 
available, in order to study the spatiotemporal expression of Cchl during oogenesis, an 
antibody could be made or a HA/RFP-tagged Cchl transgene construct could be 
generated. Transgenic flies expressing HA/RFP-Cchl could then be created. Ovaries 
could be examined to determine what the spatial and temporal expression pattern of Cchl 
is during oogenesis. The timing of Cchl expression during oogenesis could also be 
analyzed to determine if Cchl is required at specific developmental time points. Whether 
Cchl localizes with the mitochondria, the oocyte, and/or within the follicle cells could be 
determined. The expression levels of Cchl in the nurse cells and the oocyte could also be 
compared. When and where Cchl is being expressed could give us an idea as of how Cchl 
functions during oogenesis to maintain cell polarity and oocyte fate. This tagged version 
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of Cchl could also be used in Co-IP experiments to identify proteins that interact with 
Cchl in Drosophila ovaries and further analyze whether Cchl is exclusive to the electron 
transport chain.  
One final open question is: Does Cchl have a similar function in mammals? Since 
Cchl is highly conserved between many species and mitochondrial function may play a 
conserved role during oogenesis it follows that Cchl may have a conserved function 
during oogenesis across species. The mouse knockout of Hccs, the ortholog of Cchl could 
be examined for defective ovary and oocyte morphology. Mutations in mitochondrial 
proteins have been shown to cause ovarian dysgenesis and sterility (Pierce et al., 2011). 
The phenotype of Hccs mutant ovaries could be compared to the known mitochondrial 
mutants to determine if there are similarities and if Cchl functions in a similar way. These 
experiments could help us gain a more general insight into the role of Cchl and ultimately 
mitochondria in oogenesis. 
 
5.2 Summary of findings: Polarization of the epithelial layer and apical 
localization of the integrin heterodimer, αPS3βPS, are required to promote 
engulfment 
 During starvation-induced programmed cell death in the Drosophila ovary, the 
follicle cells surrounding the egg chamber enlarge and engulf the dying nurse cells. 
Portions of the nurse cell cytoplasm and DNA fragments are taken up into vesicles that 
are engulfed by the follicle cells via the apical membrane (Etchegaray et al., 2012). The 
follicle cells surrounding the egg chamber are polarized by the presence of the Par 
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complex and the Crbs complex localized to the apical membrane. The basal and lateral 
membrane are specified by the presence of Par-1 and Dlg (Tanentzapf et al., 2000). When 
apical polarization was disrupted by knocking down the expression of the components of 
the two apical complexes (aPKC, Baz, Par-6, and Crb) using dsRNA driven only in the 
follicle cells, engulfment was defective. The follicle cells did not fully enlarge, a large 
percentage of unengulfed germline material was left over in phase 5 dying egg chambers, 
and the follicle cells started to prematurely die by phase 4. However, when the two 
molecular motors Dynein (apical) and Kinesin (basal) were knocked down in the follicle 
cells using dsRNA, only the dynein dsRNA line had engulfment defects. Since dynein 
carries cargo to the apical membrane it might be necessary for the maintenance of apical 
polarity. Taken together these results indicated that apical polarization and molecular 
trafficking to the apical membrane are required for the engulfment process.  
 It was previously known that Draper, one of the engulfment receptors, is apically 
localized (Etchegaray et al., 2012). We found that the integrin heterodimer αPS3/βPS is 
also apically localized and is enriched during engulfment. When the expression of the 
integrin heterodimer αPS3/βPS is knocked down in the follicle cells, the egg chambers 
are engulfment defective. This indicates that apical signaling by the integrin heterodimer 
αPS3/βPS is required for engulfment. When follicle cell polarity was disrupted, the 
localization of the αPS3 was disrupted. Instead of having an asymmetric enrichment on 
the apical membrane of the follicle cells, αPS3 was enriched on all membranes and this 
enrichment varied from cell to cell. When the localization of Draper was examined in the 
dsRNA lines knocking down cell polarity, only the aPKCdsRNA line showed a loss in the 
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localization of Draper. Taken together these results suggest that apical polarity is required 
for the asymmetric localization of engulfment receptors on the apical membrane of the 
follicle cells.   
 
5.2.1 Open questions and future directions  
 One remaining question on this research is: How are the microtubules involved in 
engulfment? We know that the molecular motor Dynein is required for engulfment and 
the trafficking of engulfment receptors to the apical membrane. However, we do not 
know the role of the microtubule network during engulfment. To address this, antibodies 
against α-Tubulin, which marks the microtubule network, could be used to visualize the 
microtubules and determine if there are any changes during engulfment in wild-type flies. 
The dsRNA lines that knock down cell polarity genes could also be examined to 
determine if they have defects in the development of their microtubule networks during 
engulfment. Mutant lines of microtubule binding proteins such as Tau and EB1 could 
also be examined for engulfment defects.  
 The trafficking of proteins to the apical membrane during engulfment might not 
be the only process dependent on a strong microtubule network and a polarized 
epithelium. This leads us to the next open question: How is corpse processing affected 
when cell polarity and the microtubule network is disrupted? We observed some vesicle 
uptake of the germline material in each of the cell polarity knockdown lines, however the 
vesicles appeared to be larger and fewer in number than in the control. This may indicate 
that there is a processing defect when cell polarity is disrupted and vesicle trafficking 
	  	  
138 
within the follicle cells may be affected. The cell polarity dsRNA lines could be crossed 
to reporter lines for Rab 5 and Rab 7, which have been shown (by Tracy Meehan, 
unpublished) to associate with the vesicles during engulfment, suggesting that the 
vesicles are processed in an endocytic fashion. LysoTracker staining could also be done 
to see if the vesicles fuse with lysosomes and are acidified, which is one of the last steps 
in the endocytic pathway. These experiments would address how far the vesicles of nurse 
cell corpse material progress through processing and help determine if there are any 
defects. If defects in corpse processing are seen, this could indicate that cell polarity and 
directional transport is required for vesicle trafficking and endocytosis.  
 
5.3 Concluding remarks  
 Prior to this research two things were unknown: 1. the role of mitochondria in 
oocyte specification and development 2. the role of cell polarity during the engulfment of 
dying germ cells. We used the Drosophila ovary as a model system to study both oocyte 
specification and programmed cell death, because the entire progression of oogenesis can 
be observed in just one ovariole and programmed cell death can easily be induced in the 
germarium or during mid-stage oogenesis by starvation. We identified a novel role for the 
mitochondrial protein Cytochrome c heme lyase and general mitochondrial function in 
the establishment and maintenance of oocyte cell polarity. We also identified a novel role 
for cell polarity in the follicle cells during engulfment. To our knowledge this is the first 
time cell polarity has been shown to be required for engulfment and the trafficking of 
engulfment receptors. Overall, this research sheds light on how cell polarity is involved 
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in cell fate specification and programmed cell death. The work in this dissertation 
provides insight into how defective mitochondrial function and follicle cell apical 
membrane establishment could lead to diseases that cause ovarian dysgenesis and cancer.   
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APPENDIX A 
The role of ATP-synthase during engulfment  
While examining the role of mitochondria during programmed cell death (PCD) 
in the nurse cells of the Drosophila ovary, it was observed that a large number of 
mitochondria localize in the follicle cells of degenerating egg chambers (Tanner et al., 
2011). To investigate if mitochondria play a role within follicle cells during engulfment, 
female flies were starved to induce PCD during mid-oogenesis, and the localization of 
mitochondria was analyzed using an antibody against ATP-synthase (ATP-syn), one of 
the complexes of the electron transport chain. It was found that as engulfment progressed 
the concentration of ATP-syn increased in the enlarged follicle cells (Fig. A.1) (Tanner et 
al., 2011). This indicates that there was an increase in the expression of the ATP-syn 
complex that leads to the production of ATP. 
It has been shown that as cells polarize ATP levels increase, possibly to provide 
energy for the molecular transport of polarity proteins to a specified membrane (Fu et al., 
2013). Since the follicle cells in the ovary are highly polarized, it was hypothesized that 
ATP levels increase during engulfment to maintain polarity and to provide energy for 
protein trafficking. To further investigate the role of ATP-syn and mitochondria during 
engulfment, an ATP-synβ dsRNA line was used. Male flies containing ATP-synβ dsRNA 
were crossed to female flies containing the follicle cell specific GR1-GAL4 driver that is 
expressed beginning at stage 3 of oogenesis. The GR1 driver was used to insure that 
ATP-syn expression would only be disrupted in the follicle cells during mid-oogenesis. 
Egg chambers expressing ATP-synβdsRNA developed normally until mid-oogenesis, 
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however later stage egg chambers showed signs of degeneration. Dying egg chambers did 
not show follicle cell enlargement during engulfment. The follicle cells could engulf, 
however premature follicle cell death was observed by phase 5 (Fig. A.2). These results 
indicate that egg chambers expressing ATP-synβdsRNA are engulfment defective, 
demonstrating a requirement for ATP production during engulfment.  	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Figure A.1 ATP-syn increases during engulfment 
 
A-B’) Egg chambers from starved flies expressing mCD8-GFP, marking the follicle cell 
membrane (green), were stained with an antibody against ATP-syn (red) and DAPI to 
mark the DNA (cyan). A-A’) A healthy egg chamber. B-B’) A mid-dying egg chamber. 
ATP-syn increases within the follicle cells as engulfment and PCD progress (B’).   	  
 
Credit: Allison Timmons   
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Figure A.2 ATP-syn knockdown lines are engulfment defective 
 
A-F) Egg chambers were stained with an antibody against Dlg (blue) to mark the 
membrane and DAPI (cyan) to mark the DNA. Egg chambers expressing ATP-syndsRNA in 
the follicle cells are marked with GFP positive cytoplasm. The GR1-GAL4 driver line 
contains G89 a GFP gene trap in the trailer hitch gene which is only expressed in the 
germline. A-C) Control (tub-Gal80/+; GRI-GAL4/UAS-eGFPdsRNA) egg chambers 
expressing eGFPdsRNA show normal follicle cell enlargement by phase 3 (B, white arrow) 
and the clearance of the germline material by phase 5 (C). D-F) Egg chambers expressing 
ATP-syndsRNA. D) Egg chambers develop normally until mid-oogenesis. E) Phase 3 egg 
chambers do not show follicle cell enlargement (E, yellow arrow). F) Phase 5 egg 
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chambers have large amounts of lingering germline material and show premature follicle 
cell death (F, yellow arrow).  	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APPENDIX B 
The death of the oocyte 
 Extensive work has been done to understand how the nurse cells are cleared from 
an egg chamber during PCD in mid-oogenesis. Changes in both follicle cell size and the 
morphology of the chromatin of the nurse cell nuclei have been characterized during each 
phase of engulfment (Etchegaray et al., 2012). However, little is know about how the 
oocyte dies and when it dies in relation to the nurse cells. In order to characterize what 
happens to the oocyte during starvation induced PCD in mid-oogenesis, wild-type flies 
were analyzed using IHC. An antibody against Orb, one of the oocyte specific factors, 
was used to mark the oocyte and the morphology of the oocyte was monitored as PCD 
progressed in starved female flies. The DNA was also marked by DAPI to examine the 
morphology of the oocyte nucleus. We found that the oocyte nucleus had fragmented 
chromatin in phase 1 of engulfment, around the same time as the chromatin appears to 
disperse in the nurse cell nuclei (Fig. B.1, B’’’, inset). Orb, localized in the cytoplasm of 
the oocyte, also appeared to localize in a band at the posterior of the egg chamber near 
the posterior follicle cells where it was engulfed (Fig. B.1, B’’and C’’). This indicates 
that the oocyte is not protected from death, rather it starts to show signs of death with the 
rest of the germline.  
 We next examined whether there were defects in oocyte death in known mutant 
lines that have engulfment defects. We first looked at a knockdown line of draper, one of 
the engulfment receptors (Fig. B.2). Egg chambers expressing drprdsRNA showed a lack of 
follicle cell enlargement in phase 3 egg chambers. However, Orb still gathered in a band 
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formation around the posterior follicle cells (Fig. B.2 B and C). The oocyte nucleus in 
phase 3 dying egg chambers expressing drprdsRNA also had more tightly condensed 
chromatin, as compared to healthy oocytes (Fig. B.2 C and D, yellow arrows). However, 
this looked abnormal compared to the fragmented appearance seen in wild-type phase 1 
egg chambers (Fig. B.1 B’’’). The integrity of the nuclear envelope surrounding the 
oocyte nucleus was also examined using antibodies against Lamin Dm0. In control 
healthy egg chambers, Lamin formed a bright ring around the oocyte nucleus (Fig. B.2 A, 
white arrow). In phase 3 control egg chambers Lamin localization disappeared and the 
oocyte nucleus could not be identified (Fig. B.2 B). Phase 3 egg chambers expressing 
drprdsRNA had intact Lamin localization compared to the control. However, by phase 5 the 
Lamin localization disappeared and the oocyte nucleus could no longer be seen (Fig. B.2 
C, top yellow arrow). Taken together these findings indicate that oocyte death is delayed 
when draper is knocked down.  
 We also examined how the oocyte dies in a condition where apoptosis is 
inhibited. To do this we overexpressed DIAP1, the Drosophila inhibitor of apoptosis, 
using a germline-specific nanos driver that would specifically overexpress DIAP1 in the 
germline. When DIAP1 is over expressed during starvation-induced PCD in mid- 
oogenesis, egg chambers present an “undead” phenotype. This is characterized by the 
disappearance of the follicle cells, leaving an egg chamber with healthy nurse cells that 
do not show signs of death (Jenkins et al., 2013). To examine what happens to the oocyte 
under these conditions we used IHC and antibodies against Lamin Dm0 to look at nuclear 
envelope integrity, Orb to mark the oocyte, phalloidin to mark the cell membranes, and 
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DAPI to visualize changes in chromatin morphology. In the healthy egg chambers 
overexpressing DIAP1, classified as having no signs of death, the oocyte karyosome was 
condensed and the nuclear envelope was intact with Lamin surrounding the nucleus. Orb 
was also localized throughout the oocyte cytoplasm (Fig. B.3 A-A’, yellow arrows). In 
egg chambers that had a loss of follicle cells and were considered to have an “undead” 
phenotype, the oocyte nucleus and Orb localization all appeared to be normal similar to a 
healthy egg chamber (Fig. B.3 B-C’). However, the morphology of the oocyte chromatin 
looked abnormal and had a highly condensed appearance causing the karyosome to look 
smaller then wild-type. This indicates that when DIAP1 is overexpressed, the oocyte is 
prevented from dying. However, some initial signal that triggers the chromatin to 
condense before it fragments is still activated, but PCD cannot progress any further.   
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Figure B.1 The oocyte shows signs of death in Phase 1 of PCD 
 
A-C’’’) Wild-type egg chambers from starved flies were stained with an antibody against 
Orb (Green) to mark the oocyte, Dlg (red) to mark the membrane and DAPI (cyan) to 
mark the DNA. A-A’’’) In healthy egg chambers, the oocyte karyosome has condensed 
chromatin (A, white arrow). Orb is localized throughout the cytoplasm with a higher 
concentration at the posterior cortex (A’’, white arrow). B-B’’’) An egg chamber in phase 
1 of PCD. B’’) Orb is localized in a band at the posterior of the oocyte (white arrow). 
B’’’) The oocyte karyosome is decondensed and has a fragmented appearance (inset, 
white arrow). C-C’’’) Phase 2 egg chambers show a thin band of Orb localized at the 
posterior of the egg chamber that is starting to be engulfed by the follicle cells and a 
barely visible karyosome (C’’ and C’’’, white arrows).  
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Figure B.2 The oocyte has delayed death when draper is knocked down 
 
A-D) Egg chambers from starved flies were stained with antibodies against Lamin (Blue) 
to mark the nuclear envelope, Orb (red) to mark the oocyte, and DAPI. Egg chambers 
expressing draperdsRNA are marked with a GFP positive cytoplasm. The GR1-GAL4 
driver line contains G89, a GFP gene trap in the trailer hitch gene which is only 
expressed in the germline. A) A sibling control (UAS-draperdsRNA/ +; TM6B/+) healthy 
egg chamber showing an oocyte with a condensed karyosome (white arrow), a ring of 
lamin around the nucleus, and Orb spread across the oocyte cytoplasm. B) A sibling 
control egg chamber in phase 3 of PCD. The oocyte nucleus cannot be identified and Orb 
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forms a band at the posterior of the egg chamber which is engulfed by the follicle cells. 
C) A healthy egg chamber expressing draperdsRNA (UAS-draperdsRNA/ +; GR1-GAL4 
G89/+) (bottom two egg chambers). Orb has wild-type localization and the karyosome 
appears condensed (bottom yellow arrow). D) Phase 3 egg chamber expressing 
draperdsRNA, Orb is localized in a band at the posterior of the egg chamber as in wild-type. 
However, Orb is not being engulfed and the oocyte looks intact with Lamin localized in a 
ring. The oocyte karyosome also has a highly condensed appearance (yellow arrow). In 
phase 5, the oocyte nucleus disappears but a large amount of germline material still 
remains (C, top yellow arrow).    
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Figure B.3 The oocyte does not die when DIAP1 is overexpressed  
 
A-C’) Egg chambers from starved flies overexpressing DIAP1, driven by the germline 
specific nanos promoter, were stained with phalloidin (red) to mark the membrane, 
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Lamin (blue) to mark the nuclear envelope, Orb (green) to mark the oocyte, and DAPI. 
A-A’) A healthy egg chamber. A) The oocyte has a condensed karyosome surrounded by 
a ring of Lamin (yellow arrow). A’) Orb is localized throughout the cytoplasm of the 
oocyte. B-C’) Egg chambers exhibiting an undead phenotype where the nurse cells do not 
show signs of death, but the follicle cells start to disappear (B and C, yellow arrowhead). 
The oocyte has intact Lamin and Orb localization; however, the oocyte karyosome 
appears to be highly condensed compared to the healthy egg chambers karyosome 
(yellow arrows). 	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APPENDIX C 
The role of cell polarity during developmental PCD 
 During the dsRNA screen, to determine if knocking down known cell polarity 
genes caused defects in engulfment, a late oogenesis phenotype was identified in some of 
the dsRNA lines. During late oogenesis, developmental PCD is executed to remove the 
nurse cells from the egg chamber, when they are no longer needed (Fig. C.1 A-D)(King, 
1970; Spradling, 1993). At stage 11 of oogenesis the nurse cells start to transport or 
“dump” their cytoplasm into the maturing oocyte. The cytoplasm of each nurse cell is 
pushed through the ring canals that connect the nurse cells to the oocyte (Fig. C.1 A). By 
stage 12 of oogenesis all of the nurse cells have dumped their cytoplasm and only 
condensed nurse cell nuclei remain at the anterior of the egg chamber (Fig C.1 B). Stage 
13 egg chambers are characterized by the development of the dorsal appendages and the 
gradual disappearance of the nurse cell nuclei (Fig. C.1 C). Stage 14 egg chambers have 
little to no nurse cell nuclei remaining and fully formed dorsal appendages (Fig. C.1 D) 
(King, 1970; Spradling, 1993).  
 Traditionally, defective developmental cell death phenotypes have been classified 
into two groups based on dumping defects or the incomplete clearance of nurse cell 
nuclei, resulting in persisting nurse cell nuclei around the developing dorsal appendages. 
Two known examples of lines that have persisting nuclei are overexpression lines of 
Diap1 (Drosophila inhibitor of apoptosis) and loss-of-function mutations of dor (deep 
orange) (Fig. C.1 E and F).  A slightly different phenotype was observed in four of the 
lines examined in the screen: Par-1dsRNA, Par-6dsRNA, DhcdsRNA and Lis-1dsRNA. All four 
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lines had a variable phenotype that manifested in dorsal appendage defects with nurse 
cell nuclei inside the oocyte or persisting nuclei traveling down the outside of the 
developing oocyte toward the posterior (Fig. C.2, B and C). 
 These phenotypes could be a result of the loss of polarity in three migratory 
follicle cell subtypes involved in the progression of late oogenesis: the border cells, the 
centripetal cells, and the stretch follicle cells (Fig. C.3). The border cells migrate from the 
anterior to the posterior in a stage 10a egg chamber to form a barrier between the nurse 
cells and the oocyte. The centripetal follicle cells also migrate from the walls of the egg 
chamber in towards the center to meet the border cells and complete the barrier in a stage 
10b egg chamber. The stretch follicle cells come into play after stage 10b and migrate out 
from the egg chamber wall and stretch in between the nurse cells to help with the 
dumping process during developmental programmed cell death. Par-1, the Par complex 
(Par-6/Baz/aPKC), the dynein motor complex, and a polarized microtubule network all 
have been shown to play a role in border cell migration. However, little research has been 
done to determine if cell polarity is required in the other two migratory cell types, the 
centripetal follicle cells and the stretch follicle cells (Pinheiro and Montell, 2004; Yang et 
al., 2012; McDonald, 2014). Since the phenotype that we observed in the cell polarity 
knockdown lines has persisting nuclei, this indicates that there are defects in the death 
and clearance of the nurse cell nuclei. We know that stretch follicle cells play a role in 
this process, so we next looked at polarity in the stretch follicle cells. 
 To help determine if the stretch follicle cells require polarity to stretch around the 
nurse cells during dumping, we first looked to see what the microtubule network of the 
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follicle cells looked like during developmental cell death in wild-type flies (Fig. C.4). To 
do this we used an antibody against α-Tubulin to visualize the microtubule network, 
DAPI to mark the DNA, and LysoTracker to mark the acidic nurse cell nuclei going 
through PCD. We found that throughout developmental PCD the stretch follicle cells 
maintain a dense microtubule network that surrounds the nurse cells as the stretch follicle 
cells stretch out around them. We also found bright vesicles of LysoTracker co-localizing 
with the stretch follicle cell microtubule networks (Fig. C.4, B’- C’). This may indicate 
that lysosomes travel along microtubules from the follicle cells to the nurse cell nuclei in 
order to degrade the DNA. 
 However, we still need to look at the microtubule network in the cell polarity 
knockdown lines to determine if there are defects. We also need to determine if the 
phenotype we see is a result of a loss in cell polarity in all follicle cells or just the stretch 
follicle cell subset. To do this we will use a stretch follicle cell specific driver, such as 
PG150, to drive the knockdown of each cell polarity gene and then compare the 
phenotypes. An undergraduate in the lab named Anthony Ortega will continue this work.  	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Figure C.1 Developmental programmed cell death 
 
A-F) Egg chambers from well feed flies were stained with Dlg to mark the membrane 
and DAPI to mark the DNA. All images were merged with DIC. A-D) Control egg 
chambers showing the progression of developmental PCD in the ovary. A) Stage 11 egg 
chambers have started the process of dumping nurse cell cytoplasm into the oocyte. Some 
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nurse cells near the anterior of the egg chamber still have visible cytoplasm. B) Stage 12 
egg chambers have completed the dumping process and all of the nurse cells have lost 
their cytoplasm. C) Stage 13 egg chambers have nurse cell nuclei with condensed 
chromatin and the dorsal appendages have started to form (white arrowhead). D) Stage 14 
egg chambers have been cleared of almost all of the nurse cell DNA and have fully 
formed dorsal appendages (white arrowhead). E) A stage 14 egg chamber overexpressing 
Diap1 (Drosophila inhibitor of apoptosis) driven by the germline-specific nanos 
promoter. Several persisting nurse cell nuclei can be seen (white arrow). F) A stage 14 
egg chamber from a deep-orange (dor) loss-of-function mutant showing a strong 
persisting nurse cell nuclei phenotype with over 10 nurse cell nuclei remaining (white 
arrow). Figure from (Jenkins et al., 2013). 	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Figure C.2 Par-1 knockdown lines have a late oogenesis phenotype 
 
A-C) Control and mutant egg chambers from starved flies were stained with aPKC (red) 
to mark the apical membrane of the follicle cells, Dlg (blue) to mark all membranes, and 
DAPI. The Par-1 knockdown was driven by GR1-GAL4 containing a GFP tag. Egg 
chambers expressing Par-1dsRNA are marked with GFP positive cytoplasm. A) A control 
stage 14 egg chamber with all nurse cell nuclei cleared from the anterior and fully formed 
dorsal appendages (white arrowhead). B) A stage 13/14 egg chamber expressing Par-
1dsRNA showing defective dorsal appendage formation (yellow arrowhead) and nurse cell 
nuclei within the oocyte (yellow arrow). C) A stage 13/14 egg chamber expressing Par-
1dsRNA showing some uncondensed nurse cell nuclei that have traveled down the side of 
the egg chamber.  	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Figure C.3 The role of migrating cells during late oogenesis 
 
A cartoon showing the three types of cells that migrate during late oogenesis as the 
oocyte matures. Border cells (pink) migrate from the anterior to the posterior and meet 
the centripetal follicle cells (yellow) that migrate in from the egg chamber wall to create a 
border between the oocyte and nurse cells. The stretch follicle cells (green) migrate from 
the sides of the egg chamber after stage 10b and extend their membranes out to surround 
the nurse cells during the dumping process in stage 11.   
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 Figure C.4 The stretch follicle cells have a dense microtubule network  
 
A-C’) Egg chambers from well-fed control (w1118) flies were stained with an antibody 
against α-Tubulin (green) to label the microtubule network, LysoTracker to mark acidic 
vesicles and DAPI to mark the DNA. A-A’) A stage 11 egg chamber showing stretch 
follicle cells with dense microtubule networks branching around the nurse cells (white 
arrow). B-B’) A stage 12 egg chamber showing the microtubule network of the stretch 
follicle cells wrapping around the condensed nurse cell nuclei (white arrow). A bright 
vesicle positive for LysoTracker co-localizes with the edge of the microtubule network of 
one of the stretch follicle cells (B’, white arrowhead). C-C’) A stage 13 egg chamber 
again showing a follicle cell with a microtubule network branching out around the 
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remaining nurse cell nuclei. Several bright LysoTracker positive vesicles can be seen on 
the edges of microtubule networks near stretch follicle cells (white arrowhead).  
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